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SUMMARY	  

Potentially	  harmful	  drugs,	  chemicals,	  and	  compounds	  constantly	  interact	  with	  the	  human	  

body.	  These	  substances	  either	  enter	  from	  the	  external	  environment,	  or	  are	  produced	  internally	  

as	  waste	  products	  of	  metabolic	  processes.	  Studies	  show	  that	  small	  drug	  and	  toxin	  molecules	  are	  

able	  affect	  the	  physicochemical	  properties	  of	  physiological	  membranes,	  including	  causing	  

changes	  to	  permeability,	  fluidity,	  packing,	  electrostatic	  potential,	  and	  rheology.	  If	  these	  

property	  changes	  to	  physiological	  membranes	  are	  sufficiently	  disruptive,	  they	  could	  also	  affect	  

the	  ability	  of	  the	  membranes	  to	  function	  as	  barriers	  against	  unregulated	  transport	  of	  material.	  

The	  manner	  in	  which	  these	  changes	  occur	  on	  a	  molecular	  level	  and	  their	  possible	  effects	  on	  

proteins	  and	  other	  membrane	  structures	  is	  not	  entirely	  clear.	  As	  such,	  a	  molecular-‐level	  

understanding	  of	  alterations	  they	  induce	  in	  the	  structure,	  dynamics,	  and	  thermodynamics	  of	  

phospholipid	  layers	  may	  elucidate	  the	  mechanisms	  by	  which	  toxins	  cause	  adverse	  effects	  in	  the	  

body.	  

Toward	  this	  end,	  we	  undertook	  molecular	  dynamics	  computer	  simulations	  to	  probe	  the	  

effects	  of	  small,	  potentially	  toxic	  molecules	  on	  the	  biomechanical	  properties	  of	  phospholipid	  

layers	  in	  an	  attempt	  to	  clarify	  the	  mechanisms	  through	  which	  these	  molecules	  associate	  with	  

and	  alter	  the	  properties	  of	  these	  layers.	  In	  this	  thesis,	  three	  different	  applications	  of	  our	  

simulation	  approach	  are	  considered:	  the	  mechanisms	  of	  differential	  cytotoxicity	  of	  exogenous	  

anticoagulant	  species,	  the	  role	  played	  by	  endogenous	  metabolites	  in	  causing	  consciousness	  

impairment,	  and	  the	  association	  of	  potentially	  toxic	  drugs	  with	  lipid	  emulsions	  acting	  as	  

detoxification	  agents.	  Our	  simulations	  reveal	  the	  nature	  of	  the	  changes	  in	  phospholipid	  layers	  

and	  the	  molecular	  mechanisms	  by	  which	  these	  changes	  occur,	  as	  well	  as	  the	  free	  energies	  	  
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SUMMARY	  (continued)	  

associated	  with	  them.	  	  

Based	  on	  the	  three	  example	  applications	  we	  studied,	  we	  understand	  that	  different	  

molecular	  properties	  (size,	  polar	  surface	  area,	  charge,	  conformational	  dynamics)	  lead	  to	  

different	  associations	  of	  toxins	  with	  phospholipid	  layers;	  so	  that	  different	  orientations,	  different	  

preferred	  locations	  of	  toxin	  molecules	  along	  membrane	  interfaces,	  and	  different	  degrees	  of	  

disruption	  of	  physical	  properties	  of	  phospholipid	  layers	  accompany	  the	  interaction	  of	  toxin	  

molecules	  with	  physiological	  membranes.	  Likewise,	  different	  molecular	  properties	  lead	  to	  

different	  free	  energy	  profiles	  for	  penetration	  of	  toxins	  into	  membranes.	  What	  all	  three	  

examples	  show	  in	  common	  is	  the	  ability	  of	  our	  coarse-‐grained	  molecular	  dynamics	  approach	  to	  

provide	  molecular-‐level	  information	  on	  the	  absorption,	  transport,	  and	  partitioning	  of	  toxin	  

molecules	  into	  model	  membranes.	  We	  show	  various	  ways	  in	  which	  the	  results	  of	  molecular	  

dynamics	  simulations	  may	  be	  interrogated	  to	  find	  unprecedented	  levels	  of	  detailed	  information	  

for	  a	  given	  toxin	  molecule	  interacting	  with	  and	  possibly	  penetrating	  or	  altering	  a	  phospholipid	  

interface.	  Our	  computational	  approach	  provides	  useful	  insight	  and	  offers	  predictions	  that	  can	  

be	  tested	  experimentally.	  
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1. INTRODUCTION	  

The	  human	  body	  is	  constantly	  inundated	  by	  toxic	  substances.	  These	  include	  potentially	  

harmful	  drugs	  and	  chemicals	  that	  enter	  the	  body	  from	  the	  external	  environment	  (exogenous	  

toxins),	  as	  well	  as	  compounds	  produced	  internally,	  such	  as	  waste	  products	  from	  metabolic	  

processes	  (endogenous	  toxins).	  The	  kidneys	  and	  liver	  are	  the	  main	  organs	  tasked	  with	  toxin	  

excretion	  [1-‐5];	  however,	  to	  reach	  these	  organs,	  toxins	  need	  to	  travel	  through	  the	  circulatory	  

system.	  While	  transported	  through	  the	  bloodstream,	  these	  toxic	  substances	  interact	  with	  

proteins,	  lipoproteins,	  lipid	  droplets,	  cells,	  and	  numerous	  other	  structures	  and	  compounds	  in	  

the	  body.	  Many	  of	  these	  structures	  encountered	  by	  toxic	  molecules	  are	  surrounded	  by	  layers	  

composed	  mainly	  of	  phospholipid	  molecules.	  These	  amphiphilic	  lipid	  molecules	  form	  

impervious	  monolayer	  and	  bilayer	  fluid	  membranes	  that	  enclose	  and	  protect	  the	  contents	  

within.	  They	  form	  barriers	  against	  the	  unregulated	  passage	  of	  material.	  Within	  these	  semi-‐

permeable	  phospholipid	  layers	  are	  embedded	  structures	  such	  as	  proteins,	  sterols,	  glycolipids,	  

and	  glycoproteins	  [6,	  7].	  

Although	  it	  is	  known	  that	  many	  drugs	  and	  toxins	  bind	  to	  specific	  proteins	  embedded	  in	  

phospholipid	  layers	  [8-‐14],	  the	  vast	  diversity	  of	  species	  that	  have	  toxic	  effects	  on	  the	  body	  

indicates	  that	  specific	  binding	  cannot	  be	  the	  only	  mechanism	  by	  which	  they	  act.	  Even	  among	  

small	  molecules	  (of	  low	  molecular	  weight),	  there	  are	  immense	  variations	  in	  shape,	  size,	  charge	  

state	  and	  distribution,	  polarity,	  conformation,	  and	  many	  other	  properties.	  The	  molecular	  

specificity	  necessary	  for	  direct	  protein	  binding	  cannot	  be	  met	  by	  all	  these	  molecules	  [15].	  It	  has	  

therefore	  been	  proposed	  that	  small	  molecules	  may	  affect	  proteins	  by	  an	  indirect	  method:	  

changing	  the	  biomechanical	  environment	  of	  the	  protein	  so	  as	  to	  effect	  conformational	  
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changes	  in	  the	  protein,	  thereby	  compromising	  its	  ability	  to	  perform	  its	  function[16-‐19].	  For	  

membrane-‐bound	  proteins,	  this	  means	  that	  important	  properties	  of	  the	  fluid	  membrane	  would	  

need	  to	  be	  altered	  in	  order	  to	  propagate	  changes	  to	  the	  proteins.	  If	  the	  phospholipid	  layer	  

property	  changes	  are	  sufficiently	  disruptive,	  they	  could	  also	  affect	  the	  ability	  of	  the	  membrane	  

to	  function	  as	  a	  barrier	  against	  unregulated	  transport	  of	  material.	  

Studies	  have	  shown	  that	  small	  molecules	  do	  indeed	  have	  an	  effect	  on	  the	  

physicochemical	  properties	  of	  phospholipid	  layer	  membranes,	  including	  causing	  changes	  to	  

permeability,	  fluidity,	  packing,	  lipid	  orientation,	  electrostatic	  potential,	  and	  rheology	  [20-‐27].	  

The	  exact	  manner	  in	  which	  these	  property	  changes	  occur	  on	  a	  molecular	  level,	  and	  their	  

possible	  effects	  on	  proteins	  and	  other	  structures	  embedded	  in	  the	  membrane,	  are	  not	  entirely	  

clear.	  As	  such,	  the	  mechanisms	  by	  which	  toxins	  cause	  adverse	  effects	  in	  the	  body	  may	  be	  

elucidated	  by	  a	  molecular-‐level	  understanding	  of	  alterations	  in	  the	  structure,	  dynamics,	  and	  

thermodynamics	  of	  phospholipid	  layers	  induced	  by	  these	  harmful	  substances.	  A	  molecular-‐level	  

investigation	  of	  specific	  mechanisms	  is	  relatively	  difficult,	  if	  not	  impossible,	  to	  undertake	  using	  

solely	  experimental	  techniques.	  Therefore,	  computational	  methods	  may	  provide	  useful	  insight	  

and	  offer	  predictions	  that	  can	  be	  tested	  experimentally.	  

Toward	  this	  end,	  we	  undertook	  molecular	  dynamics	  computer	  simulations	  to	  probe	  the	  

effects	  of	  small,	  potentially	  toxic	  molecules	  on	  the	  physical	  properties	  of	  phospholipid	  layers,	  in	  

an	  attempt	  to	  clarify	  the	  mechanisms	  through	  which	  the	  small	  molecules	  associate	  with	  and	  

alter	  the	  properties	  of	  these	  layers.	  This	  type	  of	  computational	  approach	  has	  been	  shown	  to	  

provide	  insight	  into	  molecular-‐level	  properties	  of	  phospholipid	  layers	  that	  are	  difficult	  to	  assess	  

experimentally	  [26-‐31].	  In	  this	  thesis,	  we	  consider	  three	  different	  applications	  of	  our	  molecular	  
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simulation	  approach:	  the	  mechanisms	  of	  differential	  cytotoxicity	  of	  exogenous	  anticoagulant	  

species,	  the	  role	  played	  by	  an	  endogenous	  metabolite	  in	  causing	  consciousness	  impairment,	  

and	  the	  association	  of	  potentially	  toxic	  drugs	  with	  lipid	  emulsions	  acting	  as	  detoxification	  

agents.	  Although	  dealing	  with	  vastly	  different	  toxic	  molecules,	  in	  all	  three	  examples,	  we	  

hypothesize	  that	  small	  molecules	  associate	  non-‐specifically	  with	  and	  alter	  the	  properties	  of	  

phospholipid	  layers.	  More	  importantly,	  our	  simulations	  reveal	  the	  nature	  of	  the	  changes	  in	  the	  

phospholipid	  layers	  and	  the	  molecular	  mechanisms	  by	  which	  these	  changes	  occur,	  as	  well	  as	  

the	  thermodynamic	  free	  energies	  associated	  with	  these	  processes.	  Thus,	  the	  approach	  used	  

here,	  if	  successful,	  can	  be	  extrapolated	  to	  predict	  mechanisms	  of	  action	  for	  a	  vast	  array	  of	  other	  

species	  in	  a	  wide	  range	  of	  associated	  pathologies	  (diseases,	  cytotoxicity,	  etc.).	  

	  

1.1 Organization	  of	  this	  Thesis	  

The	  simulation	  methodology	  used	  is	  described	  in	  detail	  in	  Chapter	  2,	  beginning	  with	  an	  

overview	  of	  general	  computational	  methods	  used	  to	  model	  phospholipid	  layers.	  This	  is	  followed	  

by	  a	  brief	  overview	  of	  the	  specific	  interaction	  scheme	  we	  employed	  –	  the	  MARTINI	  coarse-‐

graining	  force	  field	  and	  its	  application	  to	  our	  systems	  of	  interest.	  A	  detailed	  description	  of	  the	  

techniques	  we	  employed	  to	  develop	  coarse-‐grained	  topologies	  for	  small	  toxin	  molecules	  and	  

the	  method	  used	  to	  validate	  these	  new	  topologies	  follows.	  Chapter	  2	  is	  rounded	  off	  by	  specific	  

details	  relevant	  to	  performing	  the	  simulations	  and	  studies	  presented	  in	  this	  work	  as	  well	  as	  

descriptions	  of	  the	  methods	  we	  used	  to	  analyze	  our	  results	  and	  obtain	  average	  properties	  and	  

detailed	  quantitative	  molecular	  information	  (conformation,	  distribution,	  orientation)	  as	  well	  as	  

free	  energy	  profiles	  from	  our	  simulations.	  



4	  
	  

	  
	  

In	  Chapter	  3,	  the	  specific	  problem	  of	  cytotoxicity	  caused	  by	  exogenous	  toxins	  is	  

considered.	  This	  system	  is	  an	  excellent	  test	  case	  of	  the	  general	  approach	  chosen	  by	  us;	  we	  were	  

able	  to	  demonstrate	  that	  the	  observed	  differential	  toxicity	  of	  molecules	  possessing	  identical	  

chemical	  moieties	  attached	  to	  different	  groups	  may	  be	  modulated	  by	  their	  specific	  interactions	  

with	  and	  consequent	  transformation	  of	  a	  phospholipid	  bilayer.	  This	  investigation	  was	  

undertaken	  as	  part	  of	  a	  larger	  study	  to	  understand	  the	  cytotoxic	  effects	  of	  anticoagulants	  and	  

propose	  countermeasures	  against	  potential	  chemical	  warfare	  agents.	  The	  long-‐acting	  

rodenticide,	  brodifacoum,	  is	  an	  agent	  of	  opportunity	  –	  a	  readily	  available	  household	  or	  

industrial	  chemical	  that	  has	  the	  potential	  to	  be	  exploited	  as	  a	  weapon	  [32].	  Brodifacoum	  was	  

derived	  from	  the	  first-‐generation	  anticoagulant	  warfarin	  (currently	  used	  as	  a	  therapeutic)	  and	  is	  

a	  member	  of	  a	  class	  of	  second-‐generation	  anticoagulants	  (superwarfarins)	  designed	  to	  

overcome	  rodent	  resistance	  to	  first-‐generation	  pesticides.	  Superwarfarins	  possess	  high	  

lipophilicity	  and	  are	  assumed	  to	  be	  more	  potent	  than	  first-‐generation	  anticoagulants	  due	  to	  

their	  prolonged	  residence	  time	  in	  physiological	  tissues.	  While	  warfarin	  can	  yield	  acute	  tissue	  

damage,	  conservative	  dosing	  and	  a	  limited	  physiological	  half-‐life	  restrict	  the	  relevance	  of	  this	  

mode	  of	  toxicity.	  Brodifacoum,	  by	  contrast,	  can	  remain	  sequestered	  in	  organs	  for	  up	  to	  a	  year,	  

and	  malicious	  release	  could	  lead	  to	  heavy	  exposures	  [33-‐38].	  The	  mechanisms	  of	  brodifacoum	  

toxicity	  are	  not	  well	  understood.	  We	  therefore	  employed	  coarse-‐grained	  molecular	  dynamics	  

simulations	  to	  explore	  a	  potential	  mechanism	  for	  anticoagulant	  cytotoxicity	  in	  general	  and	  the	  

heightened	  toxicity	  of	  brodifacoum	  in	  particular.	  Our	  simulations	  reveal	  that	  permeation	  of	  

phospholipid	  bilayers	  by	  brodifacoum	  causes	  a	  disruption	  of	  membrane	  barrier	  function	  driven	  

by	  the	  bolaamphiphilic	  nature	  and	  size	  of	  this	  molecule.	  We	  find	  that	  brodifacoum	  partitioning	  
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into	  bilayers	  causes	  membrane	  thinning,	  permeabilization,	  and	  promotes	  lipid	  flip-‐flop	  –	  all	  

phenomena	  that	  are	  suspected	  to	  play	  a	  role	  in	  triggering	  cell	  death	  [39-‐41].	  These	  phenomena	  

are	  either	  absent	  or	  less	  pronounced	  in	  the	  case	  of	  the	  less	  toxic	  compound,	  warfarin.	  

In	  Chapter	  4,	  the	  role	  of	  endogenous	  metabolites	  in	  causing	  consciousness-‐impairment	  is	  

examined.	  Metabolic	  disorders	  are	  among	  the	  leading	  causes	  of	  death	  in	  the	  United	  States	  

every	  year	  [42,	  43].	  One	  of	  the	  most	  debilitating	  symptoms	  of	  these	  disorders	  is	  their	  effect	  on	  

consciousness,	  with	  problems	  ranging	  from	  simple	  memory	  impairment	  to	  coma	  [44,	  45].	  The	  

connection	  between	  impairments	  to	  consciousness	  and	  metabolic	  disorders	  that	  affect	  organs	  

far	  removed	  from	  the	  brain	  may	  be	  via	  the	  elevation	  of	  metabolites	  in	  the	  blood	  stream	  [46,	  

47].	  When	  communicated	  to	  the	  brain	  through	  the	  blood	  stream,	  these	  metabolites	  are	  

thought	  to	  operate	  in	  a	  manner	  similar	  to	  anesthetics	  [46,	  48,	  49].	  Anesthetics	  are	  believed	  to	  

affect	  consciousness	  by	  two	  distinct	  mechanisms:	  (i)	  direct,	  site-‐specific	  interactions	  with	  ion	  

channel	  proteins	  in	  cell	  membranes	  [9];	  and	  (ii)	  indirect	  effects	  on	  ion	  channels	  by	  alteration	  of	  

membrane	  structure	  and	  dynamics	  [20,	  27,	  50].	  	  Metabolites	  that	  are	  thought	  to	  impair	  

consciousness	  differ	  in	  shape,	  size,	  and	  protonation	  state	  at	  physiological	  pH	  –	  a	  feature	  that	  is	  

inconsistent	  with	  a	  site-‐specific	  mechanism.	  Thus,	  non-‐specific	  interaction	  of	  metabolites	  with	  

cell	  membranes	  is	  likely.	  In	  the	  case	  of	  the	  metabolite	  beta-‐hydroxybutyric	  acid,	  whose	  levels	  

are	  elevated	  in	  type	  I	  diabetes,	  experimental	  evidence	  suggests	  that	  clinically	  relevant	  

concentrations	  significantly	  alter	  the	  phase	  behavior	  and	  rheology	  of	  phospholipid	  interfaces	  

[51].	  In	  this	  chapter,	  we	  explore	  the	  molecular	  origins	  of	  this	  phenomenon	  using	  coarse-‐grained	  

molecular	  dynamics	  simulations.	  We	  demonstrate,	  by	  this	  example,	  a	  possibly	  general	  

mechanism	  by	  which	  small	  molecules	  (drugs,	  metabolites)	  may	  change	  membrane	  properties.	  
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In	  turn,	  the	  altered	  membranes	  may	  modulate	  protein	  receptor	  or	  protein	  channel	  function.	  

Our	  simulations	  demonstrate	  an	  important	  physical	  phenomenon	  (a	  threshold	  concentration)	  

that	  may	  correlate	  interfacial	  concentrations	  of	  BHB	  to	  the	  occurrence	  of	  consciousness-‐

impairment	  symptoms	  in	  patients	  at	  threshold	  metabolite	  concentrations.	  

Our	  third	  example,	  in	  Chapter	  5,	  involves	  a	  study	  of	  the	  association	  of	  drug	  molecules	  

with	  lipid	  emulsion	  droplets	  for	  biodetoxification.	  This	  investigation	  is	  a	  paradigm	  for	  discovery	  

of	  mechanisms	  of	  drug	  sequestration	  as	  well	  other	  events	  such	  as	  drug	  penetration	  into	  

phospholipid	  membranes.	  Through	  clinical	  reports	  and	  in	  vivo	  experiments	  [52-‐56],	  intravenous	  

delivery	  of	  a	  lipid	  emulsion	  has	  been	  shown	  to	  rapidly	  reverse	  the	  toxic	  effects	  of	  several	  

pharmaceutical	  agents	  and	  restore	  compromised	  cardiac	  function.	  A	  key	  feature	  of	  these	  

emulsions	  is	  the	  ability	  of	  their	  particles	  to	  act	  as	  toxin	  scavengers.	  This	  scavenging	  action,	  

known	  as	  the	  ‘lipid	  sink’	  action,	  is	  thought	  to	  be	  limited	  to	  acting	  only	  on	  highly	  lipophilic	  toxins,	  

with	  hydrophobic	  partitioning	  as	  the	  primary	  driving	  force	  [56,	  57].	  However,	  many	  of	  the	  drug	  

compounds	  in	  question	  exist	  in	  a	  predominantly	  charged	  state	  at	  physiological	  pH;	  electrostatic	  

interactions	  likely	  play	  an	  important	  role	  in	  driving	  toxin	  sequestration.	  For	  a	  rational	  

application	  of	  lipid	  emulsion	  biodetoxification	  it	  is	  necessary	  to	  clarify	  the	  key	  physicochemical	  

characteristics	  that	  govern	  the	  association	  of	  toxin	  molecules	  with	  lipid	  droplets.	  To	  probe	  the	  

association	  of	  toxin	  molecules	  with	  emulsion	  particulates	  in	  this	  chapter,	  we	  employ	  coarse-‐

grained	  molecular	  dynamics	  simulations	  to	  develop	  molecular	  topologies	  for	  several	  drug	  

molecules	  in	  the	  multiphase	  system	  of	  interest	  consisting	  of	  a	  dipalmitoylphosphatidylcholine	  

(DPPC)	  monolayer	  at	  a	  water/oil	  interface.	  Both	  neutral	  and	  ionized	  coarse-‐grained	  topologies	  

are	  developed	  for	  six	  small	  drug	  molecules	  with	  varying	  levels	  of	  lipophilicity	  and	  differing	  
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degrees	  of	  protonation	  at	  physiological	  pH.	  These	  topologies	  are	  then	  incorporated	  into	  the	  

multiphase	  droplet	  system.	  This	  scheme	  is	  developed	  to	  clarify	  the	  relative	  roles	  of	  molecular	  

attributes	  such	  as	  lipophilicity,	  protonation	  state,	  size,	  structure	  and	  other	  factors	  in	  mediating	  

toxin	  sequestration.	  To	  the	  best	  of	  our	  knowledge,	  this	  particular	  approach	  has	  not	  previously	  

been	  applied	  to	  a	  monolayer	  system	  of	  this	  type	  and	  will	  allow	  the	  study	  of	  a	  sufficiently	  large	  

system	  over	  adequately	  long	  timescales	  to	  obtain	  structural,	  dynamic	  and	  thermodynamic	  

information	  about	  transport	  through	  the	  phospholipid	  monolayer.	  We	  find	  some	  similarities	  in	  

the	  association	  of	  toxins	  with	  the	  emulsion	  droplet,	  even	  for	  the	  cases	  of	  lower	  lipophilicity,	  

where	  a	  purely	  hydrophobic	  partitioning	  hypothesis	  would	  not	  predict	  association	  with	  

droplets.	  Furthermore,	  we	  explore	  the	  potential	  of	  toxin	  partitioning	  between	  the	  aqueous	  

phase,	  the	  droplet	  interface,	  and	  the	  lipid	  core.	  In	  our	  studies,	  it	  appears	  that	  lipophilicity	  alone	  

is	  not	  a	  good	  predictor	  of	  drug	  association	  with	  lipid	  droplets.	  

Finally,	  our	  overall	  conclusions	  and	  suggestions	  for	  future	  work	  are	  in	  Chapter	  6.	  Here	  we	  

discuss,	  on	  the	  basis	  of	  the	  findings	  from	  the	  three	  examples,	  the	  extent	  to	  which	  the	  general	  

computational	  approach	  used	  in	  this	  work	  can	  be	  considered	  a	  valid	  general	  approach	  to	  

address	  the	  nature	  of	  the	  molecular	  mechanisms	  by	  which	  endogenous	  and	  exogenous	  toxins	  

interact	  with,	  partition	  into,	  or	  transit	  through	  phospholipid	  interfaces.	  Possibilities	  for	  

extension	  of	  this	  work	  and	  further	  study	  are	  also	  described.	  
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2. METHODS	  

2.1 Computer	  Simulations	  of	  Phospholipid	  Interfaces	  

Phospholipid	  monolayers	  and	  bilayers	  are	  pervasive	  in	  biological	  systems.	  Plasma	  

membranes,	  for	  example,	  enclose	  and	  protect	  cells	  by	  providing	  a	  physical	  barrier	  to	  the	  

transport	  of	  water,	  ions,	  and	  other	  small	  molecules	  into	  and	  out	  of	  cells.	  Despite	  the	  

heterogeneous	  nature	  of	  cell	  membranes,	  the	  basic	  structure	  consists	  of	  two	  phospholipid	  

monolayers	  forming	  a	  two-‐dimensional,	  fluid	  (liquid	  crystalline)	  phase,	  a	  phospholipid	  bilayer	  

membrane	  (Figure	  2-‐1),	  in	  which	  are	  embedded	  membrane	  proteins	  and	  other	  structures	  [58,	  

59].	  

	  

	  

	  

Figure	  2-‐1:	  Schematic	  of	  a	  phospholipid	  bilayer	  membrane	  
	  
	  
	  
	  
	  

Phospholipid	  layers	  can	  be	  studied	  using	  both	  experimental	  and	  computational	  means.	  

Experimental	  techniques	  for	  obtaining	  properties	  of	  model	  membranes	  include	  Langmuir	  

monolayer	  studies,	  nuclear	  magnetic	  resonance,	  x-‐ray	  diffraction,	  fluorescence,	  and	  atomic	  

force	  microscopy	  experiments	  [60-‐63].	  Relatively	  long	  characteristic	  time	  scales	  (10-‐7	  –	  10-‐1	  s)	  	  

and	  system	  size	  requirements	  limit	  most	  of	  these	  techniques.	  
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Computational	  modeling	  of	  phospholipid	  layers	  can	  be	  accomplished	  with	  varying	  levels	  

of	  detail.	  At	  one	  end	  of	  the	  spectrum,	  continuum	  mechanics	  can	  be	  used	  to	  study	  phospholipid	  

membranes	  as	  a	  continuous	  mass	  or	  a	  thin	  elastic	  sheet	  rather	  than	  discrete	  entities	  (such	  as	  

atoms	  or	  molecules)	  [64-‐67].	  These	  models	  are	  useful	  for	  studies	  of	  macroscopic	  systems	  that	  

can	  be	  described	  using	  properties	  such	  as	  spontaneous	  curvature,	  bending	  rigidity,	  and	  surface	  

tension	  [68-‐70].	  Continuum	  models,	  however,	  cannot	  probe	  phenomena	  that	  occur	  at	  an	  

intermediate	  (mesoscopic)	  or	  molecular	  length	  scale,	  nor	  can	  they	  adequately	  describe	  

membranes	  made	  up	  of	  many	  different	  components.	  Particulate	  models	  are	  therefore	  better	  

suited	  to	  model	  the	  heterogeneous	  nature	  of	  cell	  membranes.	  Using	  a	  top-‐down	  approach,	  

particle-‐based	  models,	  some	  with	  implicit	  solvent,	  may	  be	  used	  to	  study	  mesoscopic	  as	  well	  as	  

macroscopic	  properties.	  Phenomena	  such	  as	  membrane	  undulations,	  shape	  deformations,	  

diffusion,	  thickness	  fluctuations	  and	  other	  properties	  that	  are	  evident	  at	  intermediate	  length	  

and	  time	  scales	  can	  be	  studied	  [71-‐73].	  By	  not	  explicitly	  representing	  the	  solvent,	  length	  and	  

time	  scales	  that	  may	  not	  be	  conveniently	  probed	  at	  atomistic	  levels	  become	  accessible.	  	  

On	  the	  opposite	  end	  of	  the	  spectrum,	  atomistic	  models	  explicitly	  represent	  the	  

individual	  atoms	  of	  each	  molecule	  as	  interacting	  particles	  [59,	  74-‐78]	  so	  that	  the	  specific	  

interactions	  within	  and	  between	  molecules	  can	  be	  studied.	  However,	  atomistic	  models	  tend	  to	  

be	  computationally	  demanding,	  thus	  imposing	  limits	  on	  both	  the	  time	  and	  length	  scales	  that	  

can	  be	  examined	  [69].	  Systematic	  studies	  exploring	  multiple	  conditions	  and	  parameters	  become	  

prohibitive.	  In	  coarse	  graining	  molecules	  using	  a	  bottom-‐up	  approach,	  several	  atoms	  are	  

grouped	  into	  one	  interaction	  site,	  thus	  reducing	  the	  total	  number	  of	  particles	  in	  the	  simulation	  

so	  that	  larger	  length	  and	  time	  scales	  can	  be	  probed	  [58,	  79,	  80].	  Systems	  can	  be	  increasingly	  
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coarse-‐grained	  by	  grouping	  just	  a	  few	  or	  relatively	  large	  numbers	  of	  atoms	  into	  one	  interaction	  

site.	  For	  example,	  Noguchi	  and	  Takasu	  [81]	  describe	  a	  solvent-‐free	  system	  of	  self-‐assembled	  

lipid	  bilayer	  vesicles.	  This	  type	  of	  system	  differs	  from	  other	  coarse-‐grained	  models	  in	  that	  each	  

molecule	  is	  not	  represented	  by	  several	  particles;	  rather,	  the	  amphiphilic	  lipid	  molecules	  are	  

each	  modeled	  as	  one	  rigid	  rod	  with	  hydrophilic	  and	  hydrophobic	  sections.	  This	  type	  of	  method	  

suffices	  for	  studies	  in	  which	  the	  individual	  molecular	  interactions	  are	  not	  as	  important	  as	  the	  

overall	  behavior	  of	  the	  membrane.	  

For	  systems	  where	  the	  interactions	  within	  and	  between	  molecules	  are	  important	  and	  an	  

understanding	  of	  molecular	  conformational	  changes	  is	  desired,	  it	  is	  necessary	  to	  use	  a	  

technique	  that	  preserves	  the	  general	  shape	  and	  structure	  of	  each	  molecule.	  In	  order	  to	  

elucidate	  the	  mechanisms	  by	  which	  toxins	  alter	  the	  structure	  and	  dynamics	  of	  phospholipid	  

layers,	  we	  choose	  a	  coarse	  graining	  approach	  that	  groups	  several	  atoms	  into	  discrete	  sites	  in	  

each	  molecule.	  These	  sites	  are	  parameterized	  such	  that	  they	  interact	  with	  each	  other	  to	  

reproduce	  the	  measured	  physicochemical	  properties	  of	  the	  molecules	  they	  represent.	  Using	  

coarse-‐grained	  molecular	  dynamics	  simulations,	  it	  is	  feasible	  to	  probe	  the	  time-‐dependent	  

evolution	  of	  variations	  in	  structure,	  dynamics,	  and	  thermodynamics	  of	  multi-‐component	  model	  

systems.	  

In	  order	  to	  simulate	  phospholipid	  layer	  systems,	  it	  is	  necessary	  to	  design	  models	  for	  the	  

molecules	  representing	  the	  various	  components	  in	  the	  system.	  The	  manner	  in	  which	  each	  of	  

the	  interaction	  sites	  or	  particles	  that	  represent	  the	  molecule	  interacts	  with	  all	  the	  other	  

particles	  in	  the	  system	  can	  be	  described	  using	  a	  set	  of	  mathematical	  functions.	  The	  form	  of	  the	  

functions	  and	  the	  parameters	  used	  in	  the	  equations	  are	  collectively	  referred	  to	  as	  a	  force	  field.	  
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The	  classical	  force	  fields	  most	  commonly	  used	  in	  molecular	  dynamics	  simulations	  include	  the	  

following:	  

i) GROMOS	  (GROningen	  MOlecular	  Simulation),	  which	  employs	  a	  united	  atoms	  approach	  

where	  CH,	  CH2	  and	  CH3	  groups	  are	  modeled	  as	  single	  particles	  [82-‐85],	  

ii) CHARMM	  (Chemistry	  at	  HARvard	  Macromolecular	  Mechanics),	  which	  explicitly	  describes	  

all	  hydrogen	  atoms	  in	  the	  system	  and	  expresses	  intramolecular	  interactions	  in	  a	  detailed	  

manner	  [86,	  87],	  and	  

iii) AMBER	  (Assisted	  Model	  Building	  with	  Energy	  Refinement),	  like	  CHARMM,	  was	  initially	  

developed	  to	  use	  explicit	  hydrogen	  atoms	  and	  is	  generally	  used	  for	  biomolecular	  

simulations	  of	  proteins	  primarily	  [88],	  but	  has	  also	  been	  extended	  to	  lipids	  [89].	  

These	  three	  force	  fields	  are	  generally	  used	  to	  model	  atomic	  scale	  systems	  using	  classical	  

dynamics.	  For	  example,	  Henneré	  et	  al.	  [90,	  91]	  demonstrated	  the	  development	  of	  all-‐atom	  

model	  systems	  to	  mimic	  the	  surfaces	  of	  lipid	  emulsion	  droplets	  with	  the	  aid	  of	  GROMOS	  force	  

field	  parameters.	  These	  model	  systems	  included	  only	  the	  phospholipid	  monolayer	  interfacial	  

region	  without	  representing	  a	  majority	  of	  the	  oil	  core.	  The	  physical	  and	  chemical	  properties	  of	  

their	  model	  systems	  were	  in	  good	  agreement	  with	  experimental	  data.	  	  

We	  desire	  to	  overcome	  the	  temporal	  and	  spatial	  limitations	  imposed	  by	  atomistic	  

simulations	  in	  order	  to	  probe	  longer	  times	  and	  larger	  system	  sizes.	  In	  order	  to	  achieve	  this,	  the	  

overall	  number	  of	  degrees	  of	  freedom	  in	  our	  systems	  is	  reduced	  by	  grouping	  sets	  of	  atoms	  

together	  into	  single	  interaction	  sites	  (coarse	  graining)	  and	  determining	  the	  interaction	  

parameters	  systematically.	  Several	  different	  coarse	  graining	  schemes	  exist	  for	  modeling	  lipids,	  

including	  schemes	  that	  either	  implicitly	  or	  explicitly	  represent	  the	  solvent	  [72,	  81,	  92-‐96].	  One	  
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coarse	  graining	  scheme	  using	  explicit	  solvent	  is	  based	  on	  the	  MARTINI	  force	  field	  [79,	  80],	  which	  

has	  been	  shown	  to	  reproduce	  the	  essential	  structural,	  dynamic,	  and	  thermodynamic	  properties	  

of	  phospholipid	  layers	  in	  a	  semi-‐quantitative	  manner.	  In	  this	  thesis,	  we	  employ	  coarse-‐grained	  

molecular	  dynamics	  computer	  simulations	  using	  the	  MARTINI	  scheme	  to	  elucidate	  the	  

molecular-‐scale	  mechanisms	  underlying	  the	  absorption,	  transport,	  and	  partitioning	  of	  

endogenous	  and	  exogenous	  toxins	  as	  they	  encounter	  a	  phospholipid	  layer.	  Molecular	  dynamics	  

simulations	  can	  provide	  details	  of	  the	  molecular-‐scale	  interactions	  at	  phospholipid	  interfaces	  

that	  are	  necessary	  for	  interpretation	  of	  experimental	  studies	  on	  model	  physical	  systems	  [90,	  91,	  

97,	  98].	  Furthermore,	  once	  validated	  against	  measurements	  on	  model	  physical	  systems,	  

molecular	  dynamics	  studies	  can	  be	  used	  to	  predict	  behavior	  of	  similar	  or	  more	  complex	  physical	  

systems.	  

	  

2.2 Overview	  of	  The	  MARTINI	  Coarse-‐Grained	  Force	  Field	  

The	  MARTINI	  coarse-‐grained	  force	  field	  proposed	  by	  Marrink	  et	  al.	  [79,	  80]	  was	  initially	  

developed	  and	  parameterized	  for	  lipid	  and	  surfactant	  systems,	  for	  which	  it	  was	  found	  to	  

reproduce	  thermodynamic	  data	  well.	  	  For	  example,	  partitioning	  free	  energies	  between	  polar	  

and	  nonpolar	  phases	  for	  various	  chemical	  species	  were	  replicated.	  Interaction	  potentials	  from	  

this	  scheme	  have	  been	  extended	  to	  biomacromolecules	  including	  carbohydrates	  [99],	  proteins	  

[100],	  and	  polymers	  [101].	  A	  comprehensive	  guide	  to	  the	  various	  applications	  and	  further	  

development	  of	  MARTINI	  may	  be	  found	  at	  http://md.chem.rug.nl/cgmartini/	  and	  the	  review	  

article	  by	  Marrink	  and	  Tieleman	  [102].	  
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2.2.1 Mapping	  Coarse-‐Grained	  Sites	  

The	  standard	  MARTINI	  coarse-‐grained	  force	  field	  employs	  a	  four-‐to-‐one	  mapping	  that	  

replaces	  approximately	  four	  heavy	  atoms	  (such	  as	  carbon,	  nitrogen,	  phosphorus,	  oxygen,	  etc.)	  

with	  one	  coarse-‐grained	  interaction	  site,	  as	  shown	  with	  the	  hexadecane	  molecule	  in	  Figure	  

2-‐2(a).	  For	  small	  ring	  structures	  such	  as	  the	  benzene	  ring	  in	  Figure	  2-‐2(b),	  the	  mapping	  is	  

changed	  to	  a	  two-‐	  or	  three-‐to-‐one	  scheme	  so	  as	  to	  increase	  the	  resolution	  and	  preserve	  the	  

overall	  geometry	  of	  the	  ring.	  

	  

	  

	  

Figure	  2-‐2:	  Coarse-‐grained	  mapping	  for	  (a)	  linear	  and	  (b)	  ring	  molecules	  
	  
	  
	  
	  
	  
In	  the	  MARTINI	  force	  field,	  four	  main	  interaction	  sites	  are	  defined	  (Table	  2-‐1):	  polar	  (P),	  

nonpolar	  (N),	  apolar	  (C),	  and	  charged	  (Q).	  
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TABLE	  2-‐1:	  MARTINI	  COARSE	  GRAINING	  MAIN	  INTERACTION	  SITES	  
Symbol	   Meaning	   Description	  

P	   Polar	   Groups	  of	  neutral	  atoms	  that	  are	  easily	  soluble	  into	  water	  
N	   Nonpolar	   Groups	  that	  are	  partly	  polar	  and	  partly	  apolar	  
C	   Apolar	   Groups	  that	  are	  hydrophobic	  
Q	   Charged	   Groups	  that	  are	  ionized	  
S	   	   Special	  particles	  used	  to	  model	  ring	  structures	  

	  
	  
	  
	  
	  
Each	  main	  interaction	  site	  has	  several	  subtypes	  that	  are	  distinguished	  either	  by	  their	  hydrogen-‐

bonding	  capabilities	  (for	  nonpolar	  or	  charged	  groups)	  or	  their	  degree	  of	  polarity	  (for	  polar	  and	  

apolar	  groups)	  (Table	  2-‐2).	  

TABLE	  2-‐2:	  MARTINI	  COARSE	  GRAINING	  SUBTYPES	  
Hydrogen-‐bonding	  Capabilities	   Degree	  of	  Polarity	  
Symbol	   Meaning	   1	  (low	  polarity)	  

d	   donor	   2	  
a	   acceptor	   3	  
da	   both	   4	  
0	   none	   5	  (high	  polarity)	  

	  
	  
	  
	  
	  
For	  example,	  one	  P4	  type	  coarse-‐grained	  site	  is	  used	  to	  represent	  four	  water	  molecules,	  as	  

illustrated	  in	  Figure	  2-‐3.	  Here,	  P	  describes	  the	  polar	  nature	  of	  the	  water	  molecules	  and	  the	  

number	  4	  means	  the	  degree	  of	  polarity	  is	  relatively	  high.	  
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Figure	  2-‐3:	  Four	  water	  molecules	  (left)	  mapped	  to	  one	  CG	  site	  (right)	  
	  
	  
	  
	  
	  
2.2.2 Nonbonded	  Interactions	  

Non-‐bonded	  interactions	  are	  cut	  off	  at	  1.2	  nm.	  Van	  der	  Waals	  interactions	  between	  

neutral,	  nonbonded	  particle	  pairs	  in	  the	  MARTINI	  force	  field	  are	  described	  using	  a	  shifted	  

Lennard-‐Jones	  (LJ)	  12-‐6	  potential	  energy	  function,  U!" 𝐫 	  (see	  Figure	  2-‐4).	  

	  

U!" 𝐫 =   4ε!"
σ!"
𝐫

!"
−

σ!"
𝐫

!
+   S!" 𝐫                               𝐫 < 𝐫!	  

(2-‐1)	  
	  

S 𝐫 =   0                                                                                                                                                          𝐫 < 𝐫!	  

(2-‐2)	  
	  

S 𝐫 =   A(𝐫− 𝐫!)! +   B(𝐫− 𝐫!)!                                                                  𝐫! <   𝐫 <   𝐫!	  

(2-‐3)	  
	  

Here,	  for	  any	  two	  particles	  i	  and	  j,	  𝐫	  is	  the	  vector	  representing	  the	  distance	  between	  them,	  σ!" 	  

represents	  the	  distance	  of	  closest	  approach,	  and	  ε!" 	  is	  the	  depth	  of	  the	  potential	  well	  which	  

describes	  the	  strength	  of	  their	  interaction.	  The	  function  S 𝐫 	  smoothly	  shifts	  the	  potential	  
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function	  to	  zero	  between	  the	  inner	  (𝐫! = 0.9  nm)	  and	  outer	  (𝐫! = 1.2  nm)	  cutoff	  distances	  to	  

avoid	  discontinuity	  in	  the	  potential	  at	  the	  cutoff.	  This	  equation	  describes	  the	  repulsion	  and	  

long-‐range	  attraction	  interactions	  of	  particles	  that	  are	  not	  connected	  by	  chemical	  bonds.	  

	  

	  

	  

Figure	  2-‐4:	  Lennard-‐Jones	  potential	  energy	  function	  
	  
	  
	  
	  
	  

Electrostatic	  interactions	  between	  charged	  groups	  (represented	  by	  the	  MARTINI	  ‘Q’	  

main	  interaction	  site)	  that	  are	  not	  bonded	  to	  each	  other	  are	  described	  by	  a	  shifted	  Coulombic	  

potential	  energy	  function,	  U! r :	  

	  

U! 𝐫 =   
q!q!

4πε!ε!𝐫
+   S! 𝐫                               𝐫 < 𝐫!	  

(2-‐4)	  
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where	  q!,! 	  are	  the	  charges	  on	  each	  particle,	  ε! = 15	  is	  the	  relative	  dielectric	  screening	  constant,	  

and	  ε!	  is	  the	  dielectric	  permittivity	  of	  free	  space.	  This	  potential	  acts	  along	  the	  line	  connecting	  

two	  charged	  particles	  separated	  by	  a	  distance	  𝐫.	  Once	  again,	  the	  potential	  is	  smoothly	  shifted	  

to	  zero	  between	  the	  two	  cutoff	  values	  (0.0	  nm	  to	  1.2	  nm)	  by	  the	  function	  S! 𝐫 .  Long-‐range	  

electrostatic	  interactions	  were	  neglected	  since	  pairwise	  interactions	  beyond	  1.2	  nm	  were	  not	  

considered.	  

	  

2.2.3 Bonded	  Interactions	  

Between	  covalently	  bonded	  CG	  sites,	  a	  harmonic	  potential	  is	  used	  to	  describe	  the	  bond	  

stretching	  interactions,	  U!"#$ r :	  

	  

U!"#$ 𝐫 =
1
2K!"#$ 𝐫−   𝐫!"#$

!	  

(2-‐5)	  
	  

where	  r!"#$  represents	  the	  equilibrium	  bond	  length	  with	  a	  force	  constant	  of	  K!"#$	  that	  

describes	  the	  stiffness	  of	  the	  bond.	  LJ	  interactions	  are	  not	  included	  between	  directly	  bonded	  

particles,	  but	  they	  are	  for	  second	  nearest	  neighbors.	  

A	  harmonic	  cosine	  potential	  is	  used	  to	  represent	  chain	  stiffness	  for	  the	  angles	  between	  

three	  consecutive	  bonded	  particles	  (Figure	  2-‐5):	  
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U!"#$% θ =
1
2K!"#$% cos(θ)−   cos(θ!)

!	  

(2-‐6)	  
	  

with	  K!"#$%  being	  the	  force	  constant	  and	  θ!the	  equilibrium	  bond	  angle.	  For	  ring	  structures,	  the	  

equilibrium	  bond	  lengths	  and	  angles	  are	  selected	  to	  preserve	  the	  underlying	  geometry.	  A	  set	  of	  

constraints	  can	  also	  be	  used	  to	  replace	  bonds	  or	  angles	  to	  maintain	  the	  ring	  rigidity.	  Within	  a	  

ring	  system,	  intramolecular	  LJ	  interactions	  are	  generally	  excluded.	  

	  

	  

	  

Figure	  2-‐5:	  Angle	  between	  two	  bonds	  sharing	  a	  common	  interaction	  site	  
	  
	  
	  
	  
	  

Out-‐of-‐plane	  distortions	  can	  be	  prevented	  by	  using	  a	  dihedral	  angle	  potential	  (Figure	  

2-‐6)	  for	  more	  complicated	  geometries,	  U! φ :	  

	  

U! φ = K!(φ− φ!)!	  

(2-‐7)	  
	  

where	  φ	  represents	  the	  angle	  between	  the	  plane	  comprised	  of	  particles	  i,	  j,	  k	  and	  that	  made	  up	  

of	  particles	  j,	  k,	  l,	  with	  φ!  being	  the	  equilibrium	  angle	  and	  K!	  the	  force	  constant.	  
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Figure	  2-‐6:	  Dihedral	  angle	  between	  two	  planes	  
	  
	  
	  
	  
	  
The	  MARTINI	  force	  field	  and	  coarse	  graining	  scheme	  has	  been	  used	  as	  an	  important	  building	  

block	  in	  our	  studies	  of	  molecular-‐scale	  toxin	  interactions	  with	  phospholipid	  interfaces.	  We	  have	  

extended	  the	  standard	  interaction	  parameters	  to	  create	  representations	  of	  all	  our	  small	  

molecules	  of	  interest,	  as	  will	  be	  described	  in	  the	  upcoming	  section.	  

	  

2.2.4 Phospholipid	  Layer	  Models	  in	  MARTINI	  

Experimental	  and	  computational	  phospholipid	  bilayer	  studies,	  interactions	  of	  species	  

with,	  and	  permeability	  across	  these	  membranes	  are	  pervasive	  in	  scientific	  literature	  due	  to	  

their	  biological	  significance	  as	  cell	  membrane	  models	  [79,	  80,	  103-‐108].	  For	  phospholipid	  

monolayers,	  however,	  two	  main	  types	  of	  systems	  are	  usually	  studied	  experimentally	  and	  

computationally:	  	  

(i) lipid	  monolayers	  on	  solid	  supports,	  and	  	  

(ii) Langmuir	  films	  at	  the	  interface	  of	  air	  and	  water	  [109-‐113].	  

These	  monolayer	  systems	  have	  generally	  been	  studied	  to	  better	  understand	  biological	  

processes	  which	  contain	  lipid	  monolayer	  structures,	  e.g.,	  lung	  surfactant	  prevents	  lung	  collapse	  
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by	  changing	  the	  surface	  tension	  on	  alveoli	  surfaces	  [114].	  Studies	  of	  phospholipid	  monolayers	  

adsorbed	  at	  the	  oil/water	  interface	  are	  quite	  rare	  and	  interaction	  studies	  of	  small	  molecules	  at	  

these	  interfaces	  are	  even	  less	  common.	  To	  understand	  the	  interactions	  of	  toxins	  with	  

phospholipid	  layers	  and	  the	  consequences	  manifested	  as	  changes	  in	  the	  structure	  and	  dynamics	  

of	  these	  layers,	  it	  is	  essential	  to	  develop	  and	  validate	  models,	  not	  only	  of	  phospholipid	  bilayers	  

in	  water,	  but	  good	  representations	  of	  monolayers	  adsorbed	  at	  aqueous/triglyceride	  and	  

aqueous/air	  interfaces	  as	  well.	  These	  types	  of	  monolayers	  would	  represent	  systems	  of	  

biological	  relevance	  such	  as	  our	  model	  of	  lipid	  droplets	  (Figure	  2-‐7),	  which	  shall	  be	  discussed	  

further	  in	  Chapter	  4.	  For	  this	  system,	  different	  small	  toxin	  molecules	  will	  be	  included	  in	  the	  

model	  to	  study	  their	  specific	  interactions	  with	  lipid	  droplet	  interfaces.	  
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Figure	  2-‐7:	  Creating	  a	  model	  phospholipid	  (PL)	  monolayer	  at	  the	  water/oil	  interface	  
	  
	  
	  
	  
	  
2.3 Simulation	  Model	  Systems	  Used	  in	  this	  Thesis	  

To	  this	  end,	  we	  have	  developed	  several	  simulation	  systems	  consisting	  of	  phospholipid	  

layers	  either	  presented	  as	  bilayers	  solvated	  in	  water	  or	  monolayers	  at	  the	  water/triglyceride	  

interface	  (Figure	  2-‐9).	  Dipalmitoylphosphatidylcholine	  (DPPC)	  (Figure	  2-‐8	  (a))	  was	  chosen	  as	  the	  

representative	  phospholipid	  molecule,	  while	  glycerine	  trioleate	  (triolein)	  (Figure	  2-‐8	  (b))	  was	  

used	  as	  the	  representative	  triglyceride	  molecule	  for	  the	  lipid	  phase.	  DPPC	  is	  an	  amphiphilic	  

molecule	  composed	  of	  a	  hydrophilic	  head	  group	  and	  hydrophobic	  fatty	  acid	  tails.	  The	  head	  

group	  contains	  a	  positively	  charged	  choline	  group	  and	  a	  negatively	  charged	  phosphate	  moiety.	  
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A	  glycerol	  backbone,	  to	  which	  the	  two	  saturated	  palmitic	  fatty	  acid	  tails	  are	  connected,	  is	  

attached	  to	  the	  head	  group.	  Triolein	  is	  a	  triglyceride	  composed	  of	  a	  glycerol	  backbone	  and	  

three	  monounsaturated	  oleic	  fatty	  acid	  tails.	  

	  

	  

	  

Figure	  2-‐8:	  Molecular	  structures	  of	  DPPC	  (a)	  and	  triolein	  (b)	  
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Figure	  2-‐9:	  Phospholipid	  monolayers	  at	  water/triglyceride	  interface	  (left)	  and	  bilayer	  in	  water	  
(right)	  
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Coarse-‐grained	  topologies	  for	  DPPC,	  triolein,	  and	  water	  were	  downloaded	  from	  the	  

MARTINI	  website	  (http://md.chem.rug.nl/cgmartini/).	  As	  illustrated	  in	  Figure	  2-‐9,	  the	  DPPC	  

fatty	  acid	  tails	  were	  each	  represented	  by	  four	  coarse-‐grained	  interaction	  sites	  (three	  shown	  as	  

yellow	  spheres	  with	  the	  terminal	  site	  represented	  by	  an	  orange	  sphere),	  connected	  to	  the	  

glycerol	  backbone	  (two	  white	  spheres).	  The	  glycerol	  backbone	  was	  bonded	  to	  white	  spheres	  

representing	  the	  negatively	  charged	  phosphate	  group	  and	  the	  positively	  charged	  choline	  group.	  

Thus,	  a	  DPPC	  molecule	  containing	  130	  atoms	  was	  conveniently	  represented	  by	  just	  12	  CG	  

interaction	  sites.	  A	  similar	  mapping	  protocol	  was	  applied	  to	  the	  triolein	  molecule,	  rendering	  a	  

167-‐atom	  molecule	  using	  only	  16	  interaction	  sites	  (shown	  as	  pink	  spheres	  in	  Figure	  2-‐9	  (a)).	  

The	  CG	  topologies	  for	  triolein	  and	  water	  (Figure	  2-‐3)	  were	  replicated	  to	  produce	  slabs	  of	  

each	  component.	  DPPC	  was	  replicated	  to	  produce	  two	  monolayers.	  In	  the	  case	  of	  the	  

water/triglyceride	  interface	  (Figure	  2-‐9	  (a)),	  each	  DPPC	  monolayer	  was	  placed	  on	  either	  end	  of	  

the	  triolein	  slab	  with	  water	  on	  the	  outer	  hydrophilic	  ends	  of	  the	  phospholipids.	  	  For	  bilayers,	  

the	  DPPC	  monolayers	  were	  joined	  with	  their	  tails	  in	  contact	  with	  each	  other	  and	  water	  was	  

placed	  on	  either	  end	  (Figure	  2-‐9	  (b)).	  Water	  was	  placed	  on	  the	  top	  and	  bottom	  of	  the	  

simulation	  boxes	  to	  prevent	  interactions	  of	  dissimilar	  species	  across	  the	  box	  boundaries,	  as	  

each	  simulation	  box	  was	  set	  up	  with	  periodic	  boundary	  conditions	  in	  all	  three	  Cartesian	  

directions.	  Each	  system	  consisted	  of	  200	  coarse-‐grained	  DPPC	  molecules	  with	  100	  phospholipid	  

molecules	  in	  each	  monolayer.	  For	  the	  water/triglyceride	  interface	  systems,	  1000	  coarse-‐grained	  

triolein	  molecules,	  and	  8000	  coarse-‐grained	  water	  particles	  (i.e.:	  32,000	  real	  water	  molecules)	  

were	  included.	  
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2.4 Creating	  Coarse-‐Grained	  Topologies	  and	  Interaction	  Parameters	  for	  Small	  Molecules	  

Because	  the	  MARTINI	  force	  field	  was	  created	  and	  parameterized	  for	  biomacromolecules,	  

very	  few	  topologies	  currently	  exist	  for	  small	  molecules	  such	  as	  the	  toxins	  of	  interest	  in	  our	  

studies.	  Therefore,	  we	  implemented	  a	  center-‐of-‐mass	  approach	  to	  map	  MARTINI	  coarse-‐

grained	  interactions	  sites	  onto	  chemical	  structures	  for	  the	  compounds	  of	  interest.	  This	  

approach	  utilized	  the	  standard	  MARTINI	  particle	  definitions	  but	  was	  optimized	  to	  preserve	  the	  

shapes	  and	  sizes	  of	  the	  small	  molecules.	  Our	  optimized	  approach	  often	  meant	  using	  less	  than	  a	  

4-‐to-‐1	  mapping	  scheme,	  even	  for	  molecules	  without	  rings.	  In	  addition,	  different	  bond	  lengths	  

and	  angles	  than	  those	  prescribed	  by	  the	  standard	  MARTINI	  scheme	  were	  used	  to	  ensure	  

faithful	  coarse-‐grained	  representations	  of	  our	  small	  molecules.	  We	  were	  able	  to	  make	  the	  toxin	  

molecules,	  even	  those	  with	  multiple	  rings,	  stable	  by	  methodically	  specifying	  bond	  and	  angle	  

constraints	  from	  the	  underlying	  chemical	  structure	  of	  each	  molecule.	  We	  were	  also	  able	  to	  

reproduce	  the	  octanol/water	  partitioning	  behavior	  for	  each	  toxin	  compound	  studied.	  

The	  procedure	  we	  employed	  to	  create	  coarse-‐grained	  representations	  of	  small	  molecules	  

followed	  five	  main	  steps,	  which	  were	  repeated	  until	  a	  suitable	  configuration	  was	  obtained:	  

i) Map	  groups	  of	  atoms	  into	  coarse-‐grained	  interaction	  sites	  to	  preserve	  molecular	  

structure.	  

ii) Determine	  coarse-‐grained	  coordinates,	  bonds,	  and	  angles	  from	  atomic	  structure.	  

iii) Based	  on	  the	  chemical	  moiety	  characteristics,	  determine	  which	  MARTINI	  particle	  types	  

to	  use.	  

iv) Parameterize	  all	  the	  non-‐bonded	  interactions	  between	  coarse-‐grained	  sites.	  
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v) Validate	  the	  coarse-‐grained	  representation	  of	  the	  molecule	  by	  calculating	  octanol/water	  

partitioning	  through	  simulation.	  

	  

2.4.1 Structural	  Mapping	  

To	  demonstrate	  how	  we	  mapped	  coarse-‐grained	  particles	  onto	  the	  chemical	  structure	  

of	  small	  toxin	  molecules,	  let	  us	  first	  consider	  two	  of	  our	  toxins	  of	  interest:	  bupivacaine	  and	  

acetaminophen	  (Figure	  2-‐10).	  Bupivacaine	  is	  a	  local	  anesthetic	  drug	  associated	  with	  marked	  

cardiotoxic	  effects	  in	  hypersensitive	  patients	  or	  if	  administered	  incorrectly	  [53,	  55,	  115-‐117].	  

Acetaminophen	  is	  a	  hepatotoxic	  pain	  and	  fever-‐reducing	  drug	  [118-‐120].	  

	  

	  

	  

Figure	  2-‐10:	  Chemical	  structures	  of	  neutral	  bupivacaine	  (a)	  and	  acetaminophen	  (b)	  molecules	  
	  
	  
	  
	  
	  

There	  are	  multiple	  options	  for	  mapping	  coarse-‐grained	  particles	  to	  the	  structure	  of	  such	  

molecules.	  As	  demonstrated	  in	  Figure	  2-‐11,	  a	  first	  attempt	  at	  coarse	  graining	  the	  bupivacaine	  
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molecule	  involves	  visual	  inspection	  to	  determine	  which	  atoms	  can	  be	  grouped	  together	  while	  

maintaining	  the	  molecular	  structure.	  

	  

	  

	  

Figure	  2-‐11:	  Multiple	  options	  for	  coarse-‐grained	  structural	  mapping	  of	  bupivacaine	  
	  
	  
	  
	  
	  
This	  inspection	  results	  in	  a	  mapping	  that	  converts	  the	  molecule	  consisting	  of	  49	  atoms	  into	  

coarse-‐grained	  representations	  made	  up	  of	  only	  6	  -‐	  8	  interaction	  sites.	  In	  the	  case	  of	  

acetaminophen,	  the	  20	  atoms	  composing	  the	  molecule	  were	  mapped	  to	  4	  CG	  interaction	  sites	  
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(Figure	  2-‐12).	  The	  particular	  configuration	  chosen	  needed	  to	  be	  tuned	  by	  observing	  the	  

molecule	  during	  simulation	  to	  determine	  if	  it	  is	  able	  to	  maintain	  a	  three-‐dimensional	  structure	  

similar	  to	  that	  expected	  for	  a	  molecule	  of	  its	  shape	  and	  size.	  

	  

2.4.2 Center-‐of-‐Mass	  Coarse	  Graining	  and	  Parameterization	  of	  Bonded	  interactions	  

After	  determining	  which	  atoms	  to	  map	  into	  each	  coarse-‐grained	  site,	  the	  next	  step	  was	  

to	  calculate	  the	  particle	  positions,	  equilibrium	  bond	  lengths,	  bond	  angles,	  and	  possible	  dihedral	  

angles.	  The	  atomistic	  three-‐dimensional	  structure	  of	  most	  molecules	  can	  be	  obtained	  from	  

chemical	  structure	  databases.	  These	  provide	  information	  on	  atom	  positions	  in	  relation	  to	  each	  

other,	  which	  we	  then	  used	  to	  calculate	  the	  coarse-‐grained	  particle	  coordinates	  as	  well	  as	  bond	  

lengths	  and	  angle	  sizes	  through	  a	  center-‐of-‐mass	  approach.	  

For	  bupivacaine	  and	  acetaminophen	  in	  particular,	  this	  center-‐of-‐mass	  scheme	  used	  

atom	  coordinates	  obtained	  from	  3D	  structure-‐data	  files	  (SDF)	  from	  the	  PubChem	  Compound	  

database.	  The	  unique	  chemical	  structure	  identifier	  for	  bupivacaine	  is	  CID	  2474	  [121]	  and	  that	  of	  

acetaminophen	  is	  CID	  1983	  [122].	  Using	  atom	  groupings	  as	  shown	  in	  Figure	  2-‐11	  for	  

bupivacaine	  and	  Figure	  2-‐12	  for	  acetaminophen,	  the	  location	  of	  the	  center-‐of-‐mass	  of	  each	  

group	  of	  atoms	  was	  determined	  from	  atomic	  positions	  weighted	  by	  atomic	  masses.	  

Equation	  (2-‐8)	  was	  used	  to	  obtain	  the	  initial	  positions	  (𝐫!")	  of	  coarse-‐grained	  sites	  for	  all	  our	  

small	  toxin	  molecules	  from	  the	  center-‐of-‐mass	  of	  the	  constituent	  heavy	  atoms:	  
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𝐫!" =
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!!!

	  

(2-‐8)	  
	  

The	  number	  of	  heavy	  atoms	  mapped	  to	  each	  CG	  site	  is	  represented	  by	  𝑛,	  with	  𝐫! 	  being	  the	  

coordinates	  of	  a	  heavy	  atom	  𝑖,	  and	  m! 	  being	  its	  mass.	  A	  similar	  center-‐of-‐mass	  method	  was	  

determined	  to	  be	  the	  most	  robust	  approach	  for	  coarse	  graining	  and	  obtaining	  bonds,	  angles,	  

and	  dihedrals	  for	  proteins	  [100].	  

Equilibrium	  bond	  lengths	  are	  calculated	  from	  the	  initial	  coarse-‐grained	  positions	  using	  

the	  length	  of	  the	  vector	  between	  two	  bonded	  CG	  sites.	  Finally,	  equilibrium	  bond	  angles	  are	  

obtained	  using	  trigonometric	  ratios	  as	  the	  angle	  formed	  between	  two	  bond	  vectors.	  These	  

equilibrium	  bond	  and	  angle	  values	  were	  used	  by	  the	  force	  field	  with	  Equations	  (2-‐5)	  and	  (2-‐6)	  to	  

obtain	  weak	  harmonic	  bond	  and	  angle	  potentials	  that	  describe	  the	  bond	  stretching	  and	  chain	  

stiffness	  interactions	  respectively.	  Due	  to	  the	  size	  of	  the	  small	  molecules	  and	  rings	  causing	  

planarity,	  there	  was	  no	  need	  for	  dihedral	  angle	  calculations	  as	  long	  as	  all	  angles	  were	  well	  

specified.	  By	  employing	  this	  center-‐of-‐mass	  coarse	  graining	  scheme	  for	  acetaminophen	  and	  

bupivacaine	  molecules,	  reasonable	  coarse-‐grained	  positions,	  bonds	  and	  angles	  were	  obtained.	  

For	  the	  four	  possible	  configurations	  attempted	  for	  bupivacaine	  illustrated	  in	  Figure	  2-‐11,	  

options	  (A)	  and	  (B)	  with	  8	  coarse-‐grained	  sites	  each	  produced	  coarse-‐grained	  particles	  that	  

were	  too	  close	  together.	  Thus	  the	  short	  bond	  lengths	  produced	  large	  repulsive	  Van	  der	  Waals	  

forces	  between	  particles,	  resulting	  in	  unstable	  simulations.	  The	  configuration	  shown	  in	  Figure	  

2-‐11	  (C)	  attempted	  to	  space	  out	  the	  CG	  particles	  by	  increasing	  the	  number	  of	  atoms	  included	  in	  

each	  site.	  This	  configuration	  did	  not	  explicitly	  represent	  the	  two	  rings	  of	  bupivacaine	  and	  was	  
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subsequently	  rejected	  in	  favor	  of	  the	  model	  in	  Figure	  2-‐11	  (D)	  that	  faithfully	  represented	  the	  

rings	  and	  contained	  only	  7	  CG	  sites.	  This	  configuration	  also	  predominantly	  utilized	  ring	  type	  (S)	  

particles	  with	  parameters	  of	  reduced	  interaction	  strength.	  We	  found	  this	  configuration	  for	  

bupivacaine	  to	  be	  the	  most	  stable	  during	  simulation.	  

	  

2.4.3 Selection	  of	  MARTINI	  Parameters	  

Each	  small	  molecule	  needed	  to	  be	  parameterized	  based	  on	  the	  standard	  MARTINI	  [79]	  

interaction	  types	  (described	  in	  Section	  2.2.1)	  in	  order	  to	  utilize	  the	  force	  field.	  Table	  2-‐3and	  

Table	  2-‐4	  list	  the	  MARTINI	  interaction	  sites	  chosen	  to	  represent	  each	  of	  the	  building	  blocks	  for	  

bupivacaine	  and	  acetaminophen.	  The	  respective	  masses	  calculated	  based	  on	  the	  atoms	  

constituting	  each	  CG	  particle	  are	  also	  listed.	  	  

	  

	  

	  

Figure	  2-‐12:	  CG	  representation	  of	  acetaminophen	  with	  the	  selected	  MARTINI	  interaction	  
types.	  
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Although	  the	  neutral	  forms	  of	  bupivacaine	  and	  acetaminophen	  are	  illustrated	  in	  Figure	  

2-‐11	  and	  Figure	  2-‐12,	  both	  molecules	  can	  be	  found	  predominantly	  in	  the	  protonated	  state	  at	  

physiological	  conditions.	  Therefore,	  we	  assigned	  particular	  CG	  particles	  the	  ability	  to	  exist	  in	  

either	  neutral	  or	  charged	  states,	  as	  shown	  in	  Table	  2-‐3and	  Table	  2-‐4.	  For	  bupivacaine,	  the	  

piperidine	  nitrogen	  group	  can	  be	  represented	  as	  either	  a	  neutral	  SP2	  group	  or	  a	  charged	  SQ0	  

group.	  Similarly,	  for	  acetaminophen,	  the	  terminal	  acetamide	  group	  can	  be	  modeled	  as	  a	  P3	  

polar	  group	  or	  a	  charged	  Q0	  site.	  

TABLE	  2-‐3:	  BUPIVACAINE	  MAPPING	  TO	  MARTINI	  CG	  SITES	  
Chemical	  Building	  
Block	  

MARTINI	  
Type	  

Particle	  Type	   Color	  in	  Figure	  
2-‐11D	  

Mass	  
(amu)	  

2,6-‐Dimethylphenyl	   SC4/SC5	   Apolar	  Ring	   Green	   54/36	  
Carboxamide	   SP2/SP3	   Polar	  Ring	   Red/Orange	   72/54	  
Piperidine	  Methylene	   SC2	   Apolar	  Ring	   Blue	   54	  
Piperidine	  Nitrogen	   SP2/SQ0	   Polar	  Ring/Charged	  	   Yellow	   54	  
Butyl	   C2	   Apolar	   Purple	   54	  

TABLE	  2-‐4:	  ACETAMINOPHEN	  MAPPING	  TO	  MARTINI	  CG	  SITES	  
Chemical	  Building	  
Block	  

MARTINI	  
Type	  

Particle	  Type	   Color	  in	  Figure	  2-‐12	   Mass	  
(amu)	  

R=COH	   SP3	   Polar	  Ring	   Green	   36	  
-‐C=C-‐	   SC3	   Apolar	  Ring	   Blue	   45/45	  
Acetamide	   P3/Q0	   Polar/Charged	   Red	   72	  
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2.4.4 Parameterization	  of	  Nonbonded	  Interactions	  

The	  MARTINI	  force	  field	  defines	  Lennard-‐Jones	  parameters	  (ε	  and	  σ)	  to	  represent	  the	  

van	  der	  Waals	  interactions	  between	  neutral,	  nonbonded	  particle	  pairs.	  These	  parameters	  are	  

used	  with	  Equations	  (2-‐1),	  (2-‐2),	  and	  (2-‐3)	  to	  determine	  the	  strength	  and	  nature	  of	  the	  

interactions	  between	  every	  pair	  of	  CG	  particles.	  Using	  the	  particle	  type	  definitions	  in	  the	  tables	  

above,	  we	  determined	  the	  pairwise	  interaction	  coefficients	  for	  bupivacaine	  and	  acetaminophen	  

(Table	  2-‐5	  and	  Table	  2-‐6	  respectively).	  

For	  ring-‐ring	  interactions,	  there	  is	  a	  75%	  reduction	  in	  the	  ε-‐value,	  effectively	  reducing	  

the	  strength	  of	  interaction	  between	  particles	  in	  rings	  and	  conferring	  greater	  stability	  on	  the	  

molecule.	  The	  σ-‐value	  for	  ringed	  interactions	  is	  also	  reduced	  from	  4.7	  Å	  to	  4.3	  Å	  due	  to	  the	  

closer	  packing	  of	  particles	  that	  small	  rings	  experience	  [79].	  It	  is	  important	  to	  note	  that	  all	  the	  

MARTINI	  force	  field	  parameters,	  topological	  files	  and	  particle	  definitions	  were	  created	  to	  be	  

directly	  used	  with	  the	  Gromacs	  molecular	  dynamics	  package.	  Therefore,	  it	  is	  necessary	  to	  

convert	  all	  the	  information	  into	  input	  that	  is	  meaningful	  to	  our	  molecular	  dynamics	  simulator	  of	  

choice	  –	  LAMMPS	  (Large-‐Scale	  Atomic/Molecular	  Massively	  Parallel	  Simulator)	  [123].	  	  

These	  and	  several	  other	  coarse-‐grained	  toxin	  models	  we	  developed	  were	  validated	  by	  

determining	  their	  simulated	  partitioning	  free	  energies	  between	  polar	  (water)	  and	  nonpolar	  

(water-‐saturated	  octanol)	  solvents,	  and	  comparing	  these	  results	  to	  experimental	  values.	  

Following	  validation,	  they	  were	  added	  to	  phospholipid	  layer	  models	  to	  study	  the	  nature	  of	  their	  

interactions	  with	  these	  structures	  and	  consequently,	  the	  changes	  that	  each	  of	  these	  toxins	  

induced	  on	  the	  layer	  structure	  and	  dynamics.	  
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TABLE	  2-‐5:	  LENNARD-‐JONES	  PAIRWISE	  COEFFICIENTS	  FOR	  CG	  NEUTRAL	  BUPIVACAINE	  
MARTINI	  Type	   Interactions	   ε	  (Kcal/mol)	   σ	  (Å)	  
SC4	   SC4	   intermediate	   0.627	   4.3	  
SC4	   SC5	   intermediate	   0.627	   4.3	  
SC4	   SP2	   intermediate	   0.627	   4.3	  
SC4	   SP3	   almost	  intermediate	   0.556	   4.3	  
SC4	   SC2	   almost	  intermediate	   0.556	   4.3	  
SC4	   C2	   almost	  intermediate	   0.741	   4.7	  
SC5	   SC5	   intermediate	   0.627	   4.3	  
SC5	   SP2	   intermediate	   0.627	   4.3	  
SC5	   SP3	   intermediate	   0.627	   4.3	  
SC5	   SC2	   almost	  intermediate	   0.556	   4.3	  
SC5	   C2	   almost	  intermediate	   0.741	   4.7	  
SP2	   SP2	   almost	  attractive	   0.807	   4.3	  
SP2	   SP3	   almost	  attractive	   0.807	   4.3	  
SP2	   SC2	   semi	  repulsive	   0.484	   4.3	  
SP2	   C2	   semi	  repulsive	   0.645	   4.7	  
SP3	   SP3	   attractive	   0.896	   4.3	  
SP3	   SC2	   semi	  repulsive	   0.484	   4.3	  
SP3	   SP2	   almost	  attractive	   0.807	   4.3	  
SP3	   C2	   semi	  repulsive	   0.645	   4.7	  
SC2	   SC2	   intermediate	   0.627	   4.3	  
SC2	   SP2	   semi	  repulsive	   0.484	   4.3	  
SC2	   C2	   intermediate	   0.837	   4.7	  
C2	   C2	   intermediate	   0.837	   4.7	  

TABLE	  2-‐6:	  LENNARD-‐JONES	  PAIRWISE	  COEFFICIENTS	  FOR	  CG	  NEUTRAL	  ACETAMINOPHEN	  
MARTINI	  Type	   Interactions	   ε	  (Kcal/mol)	   σ	  (Å)	  
SP3	   SP3	   attractive	   0.896	   4.3	  
SP3	   SC3	   almost	  intermediate	   0.556	   4.3	  
SP3	   P3	   attractive	   1.195	   4.7	  
SC3	   SC3	   intermediate	   0.627	   4.3	  
SC3	   P3	   almost	  intermediate	   0.741	   4.7	  
P3	   P3	   attractive	   1.195	   4.7	  
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2.4.5 Model	  Validation	  Using	  Octanol/Water	  Partitioning	  

The	  free	  energy	  change	  associated	  with	  partitioning	  from	  an	  aqueous	  to	  an	  organic	  

environment	  is	  an	  important	  thermodynamic	  property	  of	  liquid	  and	  solid	  phase	  systems	  [124].	  

The	  basis	  of	  the	  MARTINI	  force	  field	  is	  reproduction	  of	  partitioning	  free	  energies	  of	  chemical	  

building	  blocks	  between	  water	  and	  organic	  solvents.	  This	  free	  energy	  is	  obtained	  from	  the	  

difference	  between	  the	  hydration	  (in	  water)	  and	  solvation	  (in	  organic	  solvent)	  free	  energies	  of	  a	  

particular	  species.	  

	  

𝛥𝐺!"#$%!&/!"#$%   =   𝛥𝐺!!"#$%&'( − 𝛥𝐺!"#$%&'"(	  

(2-‐9)	  
	  

The	  free	  energy	  can	  be	  obtained	  from	  direct	  partitioning	  of	  a	  species	  between	  a	  water	  and	  an	  

octanol	  phase	  [79,	  80].	  At	  equilibrium,	  densities	  of	  drug	  molecules	  in	  each	  phase	  can	  be	  used	  to	  

calculate	  a	  simulated	  partitioning	  free	  energy.	  

	  

∆𝐺!"#$%!&/!"#$%   = 𝑘𝑇 ln
𝜌!"#$%!&
𝜌!"#$%

	  

(2-‐10)	  
	  

The	  MARTINI	  force	  field	  initially	  parameterized	  numerous	  chemical	  species	  by	  

reproducing	  their	  hydration	  free	  energies	  by	  direct	  partitioning	  of	  solute	  particles	  between	  

phases.	  These	  values	  were	  later	  found	  to	  differ	  slightly	  from	  free	  energies	  obtained	  by	  

calculation	  using	  a	  thermodynamic	  integration	  method	  [124]	  due	  to	  finite	  concentration	  
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effects.	  Thermodynamic	  integration	  results	  represent	  an	  infinitely	  dilute	  system	  and	  are	  

therefore	  more	  accurate.	  	  

We	  performed	  coarse-‐grained	  simulations	  to	  calculate	  the	  partitioning	  free	  energy	  of	  

each	  of	  our	  small	  molecules	  between	  octanol	  and	  water	  using	  Gromacs	  software	  package	  

(version	  4.6.3)	  [125].	  Gromacs	  was	  used	  to	  take	  advantage	  of	  the	  Bennett	  Acceptance	  Ratio	  

(BAR)	  [126]	  implementation	  to	  perform	  free	  energy	  difference	  calculations.	  Each	  simulation	  

consisted	  of	  an	  individual	  drug	  molecule	  in	  water	  or	  in	  water-‐saturated	  octanol.	  The	  interaction	  

strength	  between	  the	  small	  molecule	  of	  interest	  and	  the	  solvent	  was	  coupled	  to	  a	  variable	  λ.	  

This	  variable	  was	  slowly	  tuned	  from	  1	  (solvated,	  full	  interaction	  strength)	  to	  0	  (molecule	  in	  a	  

vacuum,	  no	  interaction	  with	  solvent).	  	  The	  free	  energy	  of	  solvation	  or	  hydration	  of	  the	  small	  

molecule	  was	  then	  calculated	  using	  the	  free	  energy	  perturbation	  method	  known	  as	  the	  Bennett	  

Acceptance	  Ratio.	  	  

Specifically,	  two	  sets	  of	  simulations	  were	  performed	  consisting	  of	  26	  separate	  

simulations	  each:	  

i. one	  to	  calculate	  the	  desolvation	  free	  energy	  (molecule	  going	  from	  octanol	  to	  

vacuum,	  λ	  =	  1	  to	  0);	  

ii. the	  other	  to	  calculate	  the	  hydration	  free	  energy	  (molecule	  going	  from	  vacuum	  to	  

water,	  λ	  =	  0	  to	  1).	  

To	  change	  from	  one	  state	  to	  another,	  λ	  was	  slowly	  incremented	  or	  decreased	  by	  taking	  several	  

discrete	  steps.	  The	  free	  energy	  difference	  between	  states	  at	  successive	  values	  of	  λ	  could	  be	  

calculated	  directly	  because	  the	  difference	  between	  the	  states	  was	  relatively	  small	  [126].	  A	  soft-‐
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core	  Lennard-‐Jones	  potential	  (Equation	  (2-‐11))	  was	  used	  for	  nonbonded	  interactions	  to	  ensure	  

there	  was	  no	  overlap	  between	  particles	  at	  small	  λ	  values.	  	  

	  

	  

	  

Figure	  2-‐13:	  λ	  parameter	  tuning	  of	  interaction	  strength	  between	  solute	  and	  solvent	  
	  
	  
	  
	  
	  

In	  Gromacs,	  using	  the	  genbox	  tool,	  each	  small	  molecule	  was	  solvated	  in	  a	  periodic	  box	  

with	  2000	  CG	  water	  particles	  or	  911	  CG	  octanol	  molecules	  (saturated	  with	  88	  CG	  water	  

particles).	  The	  system	  was	  then	  subjected	  to	  energy	  minimization	  using	  a	  steepest-‐descent	  

algorithm	  for	  10,000	  steps	  or	  until	  forces	  reached	  10	  kJ/mol/nm	  with	  a	  timestep	  of	  0.01	  ps	  (for	  

a	  total	  of	  100	  ps).	  Van	  der	  Waals	  Lennard-‐Jones	  interactions	  were	  shifted	  from	  0.9	  nm	  to	  a	  1.2	  

nm	  cutoff.	  Electrostatics	  interactions	  were	  calculated	  using	  a	  shifted	  (0.0	  nm	  to	  1.2	  nm)	  

Coulombic	  potential.	  The	  system	  was	  then	  equilibrated	  by	  integrating	  Newton's	  equations	  of	  

motion	  using	  a	  leapfrog	  algorithm	  with	  a	  timestep	  of	  0.005	  ps	  (simulation	  time	  of	  5	  ns).	  An	  

isothermal-‐isobaric	  (NPT	  constant)	  ensemble	  was	  used	  with	  isotropic	  pressure	  and	  temperature	  

maintained	  at	  1	  bar	  and	  298.15	  K	  respectively	  using	  Berendsen	  coupling	  protocols	  [127].	  The	  

whole	  system	  was	  coupled	  together	  for	  temperature	  and	  pressure	  because	  of	  its	  relatively	  
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small	  size.	  The	  parameter	  λ	  was	  coupled	  to	  the	  small	  molecule	  interactions	  (0	  meant	  the	  

molecule	  was	  decoupled;	  1	  meant	  the	  molecule	  interactions	  were	  fully	  coupled).	  

After	  equilibration,	  several	  simulations	  at	  26	  different	  λ	  values	  between	  0	  and	  1	  were	  

run	  using	  a	  leapfrog	  stochastic	  dynamics	  integrator	  for	  50,000	  steps	  with	  timestep	  of	  0.02	  ps	  

(simulation	  time	  of	  1	  ns)	  each.	  Soft-‐core	  parameters	  prevented	  overlapping	  of	  particles	  when	  λ	  

went	  to	  0	  (or	  as	  the	  molecule	  was	  decoupled):	  

	  

𝑉!" 𝐫 = 1− λ 𝑉! 𝑟! +   λ𝑉! 𝑟! 	  

(2-‐11)	  
	  

𝑟! = ασ!!λ! +   𝑟!
!
!	  

(2-‐12)	  
	  

𝑟! = ασ!! 1− λ ! +   𝑟!
!
!	  

(2-‐13)	  
	  

𝑉!  and	  𝑉!	  represent	  the	  normal	  van	  der	  Waals	  potentials	  when	  λ	  =	  0	  (state	  A)	  and	  1	  (state	  B),	  

respectively.	  The	  soft-‐core	  parameter	  α	  =	  1.3	  and	  the	  distance	  of	  closest	  approach	  σ	  =	  0.47	  nm.	  	  

The	  Gromacs	  BAR	  tool	  (g_bar)	  was	  then	  used	  to	  combine	  the	  individual	  energy	  

differences	  obtained	  from	  each	  λ	  simulation	  into	  a	  free	  energy	  difference,	  which	  is	  the	  free	  

energy	  of	  solvation/hydration	  for	  the	  solute	  of	  interest.	  The	  derivative	  of	  the	  free	  energy	  as	  a	  

function	  of	  λ,	   !"
!"

	  was	  integrated	  using	  a	  trapezoid	  method.	  Specific	  octanol/water	  
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partitioning	  values	  for	  each	  toxin	  molecule	  are	  presented	  in	  subsequent	  chapters	  and	  

compared	  to	  experimental	  or	  computed	  literature	  values.	  

	  

2.5 Molecular	  Dynamics	  Simulations	  of	  Phospholipid	  layers	  

Once	  the	  coarse-‐grained	  small	  molecule	  model	  was	  validated,	  we	  performed	  molecular	  

dynamics	  simulations	  based	  on	  integrating	  Newton’s	  equations	  of	  motion	  using	  the	  classical	  

molecular	  dynamics	  code	  LAMMPS	  (Large-‐Scale	  Atomic/Molecular	  Massively	  Parallel	  Simulator)	  

(http://lammps.sandia.gov.;	  version:	  5	  Sep.	  2014)	  [123],	  distributed	  by	  Sandia	  National	  

Laboratories.	  In	  general,	  two	  types	  of	  simulation	  were	  performed	  in	  our	  studies	  (which	  will	  be	  

described	  in	  more	  detail	  in	  subsequent	  chapters):	  equilibrium	  and/or	  steered	  molecular	  

dynamics.	  The	  starting	  configuration	  for	  each	  simulation	  system	  was	  generated	  using	  the	  

packing	  optimization	  program	  Packmol	  [128].	  All	  simulations	  were	  performed	  at	  323	  K,	  which	  is	  

above	  the	  main	  phase	  transition	  temperature	  of	  DPPC.	  Periodic	  boundary	  conditions	  were	  used	  

in	  all	  three	  Cartesian	  directions.	  

Van	  der	  Waals	  interactions	  between	  neutral,	  nonbonded	  particle	  pairs	  were	  described	  

using	  a	  shifted	  Lennard-‐Jones	  12-‐6	  potential	  energy	  function.	  Between	  covalently	  bonded	  CG	  

sites,	  a	  weak	  harmonic	  potential	  was	  used	  to	  describe	  the	  bond	  stretching	  interactions	  and	  a	  

weak	  harmonic	  cosine	  potential	  was	  used	  to	  represent	  chain	  stiffness	  for	  the	  angles	  between	  

three	  consecutive	  bonded	  particles.	  Non-‐bonded	  interactions	  were	  cut	  off	  at	  1.2	  nm	  and	  the	  

Lennard-‐Jones	  potential	  was	  shifted	  from	  0.9	  nm	  to	  the	  cutoff.	  The	  electrostatic	  potential	  was	  

shifted	  from	  0.0	  nm	  to	  the	  cutoff	  distance	  of	  1.2	  nm.	  Long-‐range	  electrostatic	  interactions	  were	  

neglected	  since	  pairwise	  interactions	  beyond	  1.2	  nm	  were	  not	  considered.	  
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A	  velocity	  Verlet	  [129]	  method	  was	  used	  to	  integrate	  the	  equations	  of	  motion	  [130-‐132]	  

which	  generated	  particle	  positions	  and	  velocities.	  An	  isothermal-‐isobaric	  (NPT)	  ensemble	  was	  

maintained	  which	  allowed	  the	  volume	  (and	  hence	  the	  cross	  sectional	  area)	  of	  the	  phospholipid	  

layer	  systems	  to	  fluctuate	  freely.	  Semi-‐isotropic	  pressure	  coupling	  was	  used	  to	  maintain	  

tensionless	  layers.	  Every	  10	  time	  steps,	  a	  center-‐of-‐mass	  velocity	  was	  removed	  before	  

calculating	  the	  temperature	  of	  each	  component	  to	  prevent	  the	  systems	  from	  freezing	  and	  

translating	  through	  space	  as	  an	  artifact	  of	  the	  accumulation	  of	  round-‐off	  errors	  by	  the	  

numerical	  integration	  method	  [133].	  Graphics	  were	  rendered	  using	  the	  Visual	  Molecular	  

Dynamics	  (VMD)	  program,	  a	  molecular	  visualization	  tool	  developed	  by	  the	  Theoretical	  and	  

Computational	  Biophysics	  Group	  at	  the	  University	  of	  Illinois	  at	  Urbana-‐Champaign	  [134].	  

Specific	  details	  pertaining	  to	  each	  phospholipid	  layer	  system	  studied	  and	  the	  consequences	  of	  

the	  presence	  of	  toxin	  molecules	  on	  the	  layers	  are	  provided	  in	  the	  subsequent	  chapters.	  

	  

2.5.1 Minimization	  and	  Equilibration	  

For	  each	  simulation,	  an	  energy	  minimization	  and	  equilibration	  phase	  was	  necessary	  to	  

relax	  the	  initial	  preassembled	  configuration	  before	  commencing	  the	  simulation.	  The	  energy	  

minimization	  is	  used	  to	  remove	  any	  bad	  contacts	  caused	  by	  particles	  overlapping	  and	  is	  

performed	  using	  an	  iterative	  conjugate	  gradient	  algorithm.	  The	  gradient	  of	  the	  force	  at	  every	  

step	  is	  combined	  with	  the	  step	  taken	  beforehand	  in	  order	  to	  find	  a	  direction	  perpendicular	  to	  

the	  previous	  one	  in	  which	  to	  search	  next.	  The	  system	  needed	  to	  be	  in	  a	  local	  potential	  energy	  

minimum	  once	  the	  stopping	  criterion	  was	  satisfied.	  	  
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Following	  energy	  minimization,	  each	  system	  is	  run	  through	  an	  equilibration	  period	  

(typically	  for	  at	  least	  200	  ns).	  Temperature	  and	  pressure	  were	  held	  constant	  at	  323	  K	  (50	  °C)	  

and	  1	  atm,	  respectively,	  using	  an	  isothermal-‐isobaric	  (NPT)	  ensemble.	  This	  allowed	  the	  volume	  

(and	  hence	  the	  cross	  sectional	  area)	  of	  the	  system	  to	  fluctuate	  freely	  and	  to	  self-‐adjust	  to	  an	  

equilibrium	  value.	  For	  the	  equilibration	  phase	  of	  all	  simulations,	  each	  component	  of	  the	  system	  

was	  coupled	  separately	  to	  a	  temperature	  bath	  using	  a	  Berendsen	  thermostat	  [127]	  with	  a	  

coupling	  constant	  of	  1	  ps.	  A	  separate	  isotropic	  Berendsen	  barostat	  was	  applied	  to	  each	  

component	  to	  maintain	  the	  system	  pressure	  at	  1	  atm	  with	  a	  coupling	  constant	  of	  1	  ps.	  

Berendsen	  coupling	  protocols	  are	  used	  for	  equilibration	  due	  to	  their	  efficiency	  in	  relaxing	  the	  

system	  to	  the	  target	  temperature	  and	  pressure	  values.	  Fully	  equilibrated	  phospholipid	  

monolayer	  and	  bilayer	  systems	  can	  be	  seen	  in	  Figure	  2-‐9.	  Thermodynamic	  properties	  such	  as	  

temperature,	  pressure,	  volume,	  and	  energy	  reached	  equilibrium	  values	  long	  before	  the	  end	  of	  

the	  equilibration	  period.	  Following	  equilibration,	  a	  production	  run	  was	  performed	  for	  every	  

simulation	  system	  using	  either	  equilibrium	  or	  steered	  molecular	  dynamics	  techniques.	  

	  

2.5.2 Obtaining	  Phospholipid	  Layer	  Properties	  from	  Simulations	  

Structural,	  dynamical	  and	  thermodynamic	  properties	  of	  phospholipid	  layers	  can	  be	  

extracted	  from	  coarse-‐grained	  molecular	  dynamics	  simulations.	  Especially	  in	  the	  case	  of	  pristine	  

interfaces	  that	  do	  not	  contain	  toxin	  molecules,	  these	  properties	  can	  be	  directly	  compared	  to	  

experimental	  data	  as	  well	  as	  results	  from	  atomistic	  simulations,	  thus	  verifying	  the	  capacity	  of	  

the	  MARTINI	  coarse-‐grained	  force	  field	  to	  accurately	  reproduce	  the	  properties	  of	  phospholipid	  

interfaces.	  Once	  the	  simulation	  system	  for	  the	  phospholipid	  layer	  has	  been	  verified,	  changes	  to	  
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the	  properties	  caused	  by	  the	  addition	  of	  toxin	  molecules	  can	  be	  determined.	  (Some	  

representative	  properties	  are	  discussed	  below.)	  These	  changes	  in	  properties	  reveal	  the	  ways	  in	  

which	  toxin	  molecules	  specifically	  affect	  the	  integrity	  of	  phospholipid	  interfaces.	  They	  provide	  

clues	  as	  to	  the	  molecular	  mechanism	  of	  action	  of	  toxins	  in	  disrupting	  normal	  functions	  of	  

membranes	  as	  well	  as	  information	  on	  the	  ability	  of	  phospholipid	  interfaces	  to	  sequester	  and	  

control	  the	  crossing	  of	  small	  molecules.	  

	  

2.5.2.1 Area	  per	  Lipid	  

The	  validity	  of	  a	  computational	  representation	  of	  a	  phospholipid	  layer	  can	  first	  be	  tested	  

by	  the	  average	  area	  per	  lipid	  at	  constant	  temperature	  and	  pressure.	  If	  this	  structural	  parameter	  

is	  stable,	  the	  system	  has	  reached	  equilibrium	  and	  other	  properties	  can	  be	  measured	  as	  well[58,	  

90,	  91,	  135].	  Area	  per	  lipid	  is	  also	  used	  to	  determine	  if	  the	  simulated	  phospholipid	  layer	  is	  in	  the	  

correct	  physical	  phase	  at	  a	  particular	  temperature	  and	  pressure.	  The	  geometric	  area	  per	  lipid	  

value	  is	  calculated	  as	  the	  product	  of	  average	  box	  lengths	  in	  the	  plane	  of	  the	  phospholipid	  layer	  

divided	  by	  the	  number	  of	  phospholipids	  in	  each	  layer.	  	  

After	  equilibration	  of	  DPPC	  bilayers	  and	  monolayers,	  we	  obtained	  area	  per	  lipid	  values	  

of	  58.6	  Å	  and	  61.5	  Å	  respectively.	  These	  values	  are	  consistent	  with	  atomistic	  bilayer	  simulation	  

values	  of	  61.0	  –	  66.0	  Å	  and	  experimental	  values	  of	  57.0	  –	  71.7	  Å	  [136-‐138].	  Attractive	  van	  der	  

Waals	  forces	  are	  known	  to	  control	  area	  per	  lipid	  in	  saturated	  phosphatidylcholine	  layers	  [139].	  

Therefore,	  toxin	  molecules	  interacting	  with	  a	  phospholipid	  like	  DPPC	  would	  need	  to	  overcome	  

an	  energy	  barrier	  to	  disrupt	  this	  attractive	  force.	  An	  increase	  in	  area	  would	  indicate	  that	  toxin	  

molecules	  have	  inserted	  themselves	  between	  phospholipid	  molecules	  resulting	  in	  disruption	  in	  
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the	  structure	  of	  the	  layer	  [140].	  A	  large	  increase	  in	  area	  per	  lipid	  in	  the	  presence	  of	  a	  toxin	  

molecule	  c	  ould	  indicate	  a	  pronounced	  thinning	  of	  the	  phospholipid	  interface,	  which	  ultimately	  

may	  lead	  to	  irreversible	  membrane	  collapse.	  

	  

2.5.2.2 Mass/Electron	  Density	  Profile	  

Mass	  or	  electron	  density	  profiles	  can	  be	  obtained	  from	  simulations	  by	  binning	  the	  

simulation	  box	  in	  the	  direction	  normal	  to	  the	  phospholipid	  surface	  and	  averaging	  the	  total	  mass	  

or	  electrons	  in	  each	  bin	  over	  the	  duration	  of	  the	  simulation.	  These	  values	  are	  obtained	  by	  using	  

information	  about	  the	  mass	  of	  or	  number	  of	  electrons	  contained	  within	  each	  coarse-‐grained	  

interaction	  site.	  The	  mass	  density	  of	  water	  obtained	  from	  our	  simulations	  was	  approximately	  

980	  kg/m3,	  which	  was	  consistent	  with	  the	  literature	  water	  density	  value	  of	  988	  kg/m3	  at	  50°C	  

[141].	  We	  found	  that	  the	  density	  profiles	  of	  the	  particles	  representing	  the	  choline	  and	  

phosphate	  groups	  of	  DPPC	  molecules	  overlapped.	  This	  indicated	  that	  the	  phospholipid	  polar	  

head	  groups	  were	  oriented	  mostly	  parallel	  to	  the	  plane	  of	  the	  monolayers	  or	  bilayers	  and	  

perpendicular	  to	  the	  direction	  of	  the	  normal	  to	  these	  layers,	  resulting	  in	  a	  P-‐N	  angle	  of	  

approximately	  90°	  relative	  to	  the	  interface	  normal.	  These	  results	  are	  in	  good	  agreement	  with	  

atomistic	  simulation	  studies	  of	  monolayers	  and	  bilayers	  [91,	  142].	  

For	  simulations	  of	  monolayers	  at	  the	  aqueous/triglyceride	  interface	  (further	  described	  

in	  Chapter	  4),	  ordering	  appeared	  in	  the	  triglyceride	  (TG)	  phase	  density	  profiles	  near	  the	  

interface	  for	  small	  systems	  due	  to	  interactions	  between	  the	  fatty	  acid	  tails	  of	  triolein	  and	  DPPC	  

molecules.	  This	  resulted	  in	  increased	  densities	  of	  the	  triolein	  tails	  around	  5.5	  nm	  and	  10.5	  nm	  
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near	  the	  phospholipid	  tails	  and	  increased	  densities	  of	  triolein	  polar	  glycerol	  backbones	  around	  6	  

nm	  and	  10	  nm	  in	  Figure	  2-‐14	  (trimodal	  TG	  Tail	  and	  bimodal	  TG	  Head	  profiles	  respectively).	  

	  

	  

	  

Figure	  2-‐14:	  Mass	  density	  profile	  highlighting	  triglyceride	  (TG)	  orientation	  detail	  
	  
	  
	  
	  
	  

The	  ordering	  caused	  the	  small	  triolein	  phase	  to	  have	  an	  increased	  density	  of	  1050	  kgm-‐3	  

at	  50°C,	  whereas	  its	  experimental	  density	  at	  40°C	  is	  reported	  to	  be	  899	  kgm-‐3	  [141,	  143].	  The	  

triglyceride	  ordering	  close	  to	  phospholipid	  monolayers	  that	  we	  observed	  is	  consistent	  with	  an	  

atomistic	  aqueous/lipid	  simulation	  by	  Henneré	  et	  al.	  [90]	  in	  which	  they	  observed	  an	  increase	  in	  
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the	  density	  of	  their	  oil	  layer	  due	  to	  the	  ordered	  arrangement	  of	  the	  triglycerides	  at	  the	  

phospholipid	  interface.	  This	  is	  most	  likely	  a	  finite	  system	  size	  effect	  because	  our	  initial	  model	  

represents	  only	  a	  small	  section	  of	  the	  interfacial	  region	  of	  an	  oil	  droplet.	  Droplets	  of	  this	  type	  in	  

physiological	  conditions	  tend	  to	  have	  diameters	  of	  approximately	  200	  –	  500	  nm,	  whereas	  our	  

simulation	  box	  was	  only	  16	  nm	  in	  this	  specific	  case.	  Therefore,	  in	  our	  simulations	  of	  

aqueous/triglyceride	  systems	  that	  will	  be	  presented	  in	  Chapter	  4,	  we	  have	  used	  a	  larger	  triolein	  

section.	  Our	  simulations	  indicate	  that	  the	  ordering	  of	  triolein	  disappears	  farther	  away	  from	  the	  

phospholipid	  interface.	  Running	  simulation	  of	  these	  larger	  systems	  is	  much	  more	  tractable	  due	  

to	  the	  coarse	  graining	  technique	  employed.	  	  

Electron	  density	  profiles	  can	  be	  compared	  directly	  with	  those	  obtained	  from	  small-‐angle	  

x-‐ray	  and	  neutron	  diffraction	  experiments	  [144-‐147].	  Our	  results	  can	  therefore	  be	  used	  as	  

predictions	  with	  which	  new	  x-‐ray	  and	  neutron	  diffraction	  experiments	  may	  be	  compared,	  

especially	  for	  the	  cases	  of	  phospholipid	  layers	  affected	  by	  toxin	  molecules.	  

	  

2.5.2.3 Phospholipid	  Hydration	  

To	  quantify	  the	  hydration	  of	  phospholipid	  molecules,	  a	  radial	  distribution	  function,𝑔 𝑟 ,	  

is	  computed	  between	  each	  phospholipid	  interaction	  site	  and	  water.	  This	  function	  is	  a	  time-‐

averaged	  representation	  of	  the	  change	  in	  water	  density	  with	  radial	  distance	  from	  the	  particular	  

site	  in	  question	  (i.e.	  choline,	  phosphate,	  glycerol	  backbone,	  tail).	  The	  radial	  distribution	  function	  

is	  defined	  as:	  
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𝑔 𝑟 =
𝑁 𝑟

4𝜋𝑟!𝜌𝑑𝑟	  

(2-‐14)	  
	  

where	  𝑁 𝑟 	  represents	  the	  number	  of	  particles	  in	  a	  spherical	  shell	  of	  thickness	  𝑑𝑟	  at	  a	  distance	  

𝑟	  from	  a	  reference	  particle	  (Figure	  2-‐15).	  The	  number	  density,  𝜌,	  is	  the	  ratio	  of	  the	  number	  of	  

particles	  to	  the	  total	  volume.	  This	  function	  is	  plotted	  against	  distance	  from	  the	  reference	  site	  

(Figure	  2-‐16).	  The	  heights	  and	  widths	  of	  the	  peaks	  indicate	  that	  the	  phospholipid	  head	  group	  

particles	  (choline	  -‐	  blue	  and	  phosphate	  -‐	  red)	  are	  much	  more	  hydrated	  than	  the	  backbone	  -‐	  

green	  or	  tail	  groups	  -‐	  purple.	  This	  is	  evident	  from	  coarse-‐grained	  simulations	  although	  specific	  

interactions	  pertaining	  to	  hydration	  that	  are	  usually	  calculated	  in	  atomistic	  studies	  cannot	  be	  

determined	  in	  a	  CG	  system.	  Such	  atomic	  scale	  interactions	  include	  hydrogen	  bonding	  across	  

oxygen	  atoms	  in	  water	  and	  oxygen	  atoms	  in	  the	  DPPC	  phosphate	  group.	  The	  coarse-‐grained	  

scheme	  cannot	  access	  the	  length	  of	  hydrogen	  bonds	  (1.5	  –	  2.5	  Å	  )	  [148]	  because	  of	  the	  

relatively	  large	  Lennard-‐Jones	  σ	  parameter	  (4.7	  Å)	  that	  limits	  how	  close	  any	  two	  interaction	  

sites	  can	  get	  to	  one	  another.	  
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Figure	  2-‐15:	  Schematic	  of	  radial	  distribution	  of	  blue	  sites	  around	  central	  red	  site	  within	  cutoff	  
distance	  
	  
	  
	  
	  
	  

By	  integrating	  the	  first	  maximum	  peaks	  located	  at	  approximately	  0.5	  nm	  for	  the	  choline	  

and	  phosphate	  groups	  in	  Figure	  2-‐16,	  a	  number	  of	  5.3	  and	  4.1	  coarse-‐grained	  water	  particles	  

were	  calculated	  to	  be	  located	  around	  each	  choline	  and	  phosphate	  group	  respectively.	  This	  is	  

equivalent	  to	  21.2	  and	  16.4	  real	  water	  molecules	  respectively.	  Much	  fewer	  water	  molecules	  

were	  located	  near	  the	  glycerol	  backbone	  and	  even	  fewer	  near	  the	  tails.	  The	  hydration	  of	  the	  

phosphate	  and	  choline	  groups	  was	  similar	  and	  can	  be	  attributed	  to	  the	  fact	  that	  the	  two	  groups	  

were	  oriented	  parallel	  to	  the	  interface,	  allowing	  them	  both	  direct	  access	  to	  the	  water	  phase.	  
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Figure	  2-‐16:	  Radial	  distribution	  functions	  of	  water	  around	  phospholipid	  groups	  in	  a	  DPPC	  
monolayer	  
	  
	  
	  
	  
	  

An	  atomistic	  DPPC	  bilayer	  study	  by	  Pandey	  and	  Roy	  [149]	  found	  somewhat	  similar	  

results	  for	  the	  radial	  distribution	  of	  water	  oxygen	  atoms	  around	  the	  nitrogen	  of	  the	  choline	  

group.	  They	  observed	  that	  the	  clustering	  of	  oxygen	  atoms	  around	  the	  DPPC	  molecules	  resulted	  

in	  a	  first	  hydration	  shell	  located	  at	  approximately	  0.5	  nm	  from	  the	  nitrogen	  atom,	  the	  same	  

value	  we	  got	  in	  our	  coarse-‐grained	  study.	  From	  integration	  of	  this	  peak	  they	  obtained	  an	  

average	  value	  of	  13.64	  water	  molecules	  clustered	  in	  the	  first	  hydration	  shell	  of	  the	  nitrogen	  

atom.	  This	  value	  is	  smaller	  than	  the	  value	  of	  21.2	  we	  obtained	  from	  our	  coarse-‐grained	  

simulations.	  For	  the	  phosphorus	  group	  in	  the	  Pandey	  study	  that	  corresponds	  roughly	  to	  our	  
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phosphate	  coarse-‐grained	  site,	  they	  found	  the	  first	  radial	  distribution	  peak	  at	  approximately	  0.4	  

nm;	  lower	  than	  that	  observed	  in	  our	  study.	  This	  discrepancy	  arises	  from	  the	  closest	  distance	  of	  

approach	  of	  two	  coarse-‐grained	  particles	  being	  always	  greater	  than	  0.4	  nm	  in	  our	  work.	  Pandey	  

and	  Roy	  also	  calculated	  that	  only	  3.27	  water	  molecules	  were	  clustered	  in	  the	  first	  hydration	  

shell	  around	  phosphorus,	  whereas	  in	  the	  CG	  system,	  we	  calculated	  a	  value	  of	  16.4	  water	  

molecules.	  A	  possible	  explanation	  for	  this	  apparent	  discrepancy	  is	  that	  in	  the	  atomistic	  scheme,	  

the	  nitrogen	  and	  phosphorus	  atoms	  are	  surrounded	  by	  several	  other	  moieties	  (methyl	  and	  

oxygen),	  which	  may	  cause	  steric	  hindrance	  and	  prevent	  water	  molecules	  from	  getting	  closer	  to	  

these	  atoms.	  In	  the	  coarse-‐grained	  scheme,	  such	  interactions	  may	  be	  minimal.	  Changes	  in	  

phospholipid	  hydration	  in	  the	  presence	  of	  small	  molecules	  can	  indicate	  one	  of	  the	  ways	  in	  

which	  toxins	  can	  disrupt	  lipid	  membranes	  by	  causing	  large	  amounts	  of	  water	  to	  enter	  the	  

hydrophobic	  region.	  

	  

2.5.2.4 Order	  Parameter	  

Phospholipid	  layers	  are	  dynamic	  two-‐dimensional	  fluids.	  The	  lipid	  molecules	  have	  the	  

ability	  to	  diffuse	  within	  the	  layer	  and	  even	  flip-‐flop	  into	  opposing	  layers,	  in	  the	  case	  of	  bilayers.	  

This	  dynamic	  environment	  allows	  the	  phospholipid	  tails	  to	  assume	  varied	  orientations	  during	  

simulations.	  The	  bond	  order	  parameters	  of	  the	  tail	  are	  a	  measure	  of	  this	  disorder	  in	  orientation.	  

The	  order	  parameter	  has	  been	  measured	  experimentally	  for	  phospholipids	  from	  the	  orientation	  

of	  carbon-‐deuterium	  bonds	  in	  the	  tails	  using	  2H	  NMR	  techniques	  [150].	  The	  ensemble	  and	  time-‐

averaged	  angle	  between	  the	  carbon-‐carbon	  bonds	  in	  the	  tail	  and	  the	  layer	  normal	  was	  used	  to	  
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calculate	  the	  order	  parameter	  from	  atomistic	  simulations	  [28]	  for	  comparison	  with	  values	  

obtained	  from	  NMR	  experiments.	  

For	  coarse-‐grained	  particles,	  although	  there	  are	  no	  explicit	  carbon	  atoms,	  a	  similar	  

approach	  can	  be	  taken,	  where	  vectors	  between	  coarse-‐grained	  particles	  have	  angles	  relative	  to	  

the	  layer	  normal	  [80].	  Using	  Equation	  (2-‐15)	  to	  compute	  order	  parameters	  for	  consecutive	  

particles	  in	  the	  phospholipid	  tail	  yields	  values	  that	  are	  averages	  over	  those	  found	  for	  

consecutive	  carbon-‐carbon	  bonds	  in	  atomistic	  simulations.	  

	  

𝑃! =
1
2 3 cos! 𝜃 − 1 	  

(2-‐15)	  
	  

The	  angle	  between	  coarse-‐grained	  tail	  bonds	  and	  the	  normal	  is	  represented	  by	  𝜃.	  A	  𝑃!	  value	  of	  

1	  indicates	  perfect	  alignment	  and	  -‐0.5	  corresponds	  to	  complete	  anti-‐alignment.	  Random	  

orientations	  of	  the	  tail	  bonds	  correspond	  to	  a	  𝑃!	  value	  of	  0.	  

Phospholipid	  tail	  order	  parameters	  show	  a	  broad	  plateau	  at	  the	  beginning	  of	  the	  tails	  

near	  the	  glycerol	  backbone	  because	  the	  tails	  are	  tethered	  and	  more	  aligned	  in	  that	  region.	  The	  

order	  decreases	  towards	  the	  ends	  because	  the	  end	  sections	  are	  not	  tethered	  and	  move	  around	  

more	  freely	  [91].	  The	  presence	  of	  a	  foreign	  group	  such	  as	  a	  toxin	  intercalating	  in	  the	  tail	  region	  

can	  induce	  more	  ordering	  of	  these	  bonds	  by	  reducing	  the	  free	  volume	  available	  for	  

phospholipid	  tails,	  if	  the	  area	  per	  lipid	  remains	  unchanged	  and	  thickness	  increases	  [91].	  

Conversely,	  the	  presence	  of	  a	  foreign	  group	  in	  the	  tail	  region	  may	  induce	  disordering	  of	  these	  
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bonds	  by	  increasing	  the	  overall	  area	  per	  lipid	  [90].	  Changes	  in	  phospholipid	  order	  parameters	  

can	  suggest	  ways	  in	  which	  toxin	  molecules	  may	  disrupt	  lipid	  interfaces.	  

	  

2.5.2.5 Lateral	  Pressure	  Distribution	  

The	  lateral	  pressure	  profile	  is	  a	  distribution	  of	  the	  inhomogeneous	  pressure	  across	  a	  

bilayer	  in	  the	  direction	  normal	  to	  the	  interface.	  The	  components	  of	  pressure	  resulting	  from	  

repulsive	  interactions	  between	  the	  phospholipid	  molecules	  appear	  as	  positive	  contributions,	  

whereas	  the	  cohesive	  tensions	  that	  tend	  to	  exclude	  water	  from	  the	  hydrophobic	  parts	  of	  the	  

phospholipid	  emerge	  as	  negative	  values	  in	  the	  pressure	  profile.	  Changes	  in	  the	  lateral	  pressure	  

profile	  serve	  as	  indicators	  of	  structural	  changes	  within	  the	  bilayer	  [151,	  152].	  In	  a	  simulated	  

tensionless	  lipid	  bilayer,	  the	  net	  repulsive	  and	  cohesive	  pressure	  components	  cancel	  each	  other	  

out.	  Therefore,	  decreases	  in	  repulsive	  interactions	  at	  certain	  locations	  along	  the	  bilayer	  normal	  

caused	  by	  penetrating	  foreign	  species	  will	  lead	  to	  decreases	  in	  cohesion	  in	  other	  parts	  of	  the	  

bilayer	  and	  vice	  versa.	  	  

	  

2.5.3 Obtaining	  Small	  Molecule	  Properties	  at	  Phospholipid	  Interfaces	  

While	  it	  is	  important	  to	  understand	  changes	  to	  the	  properties	  of	  phospholipid	  layers	  in	  

the	  presence	  of	  small	  toxin	  molecules,	  it	  is	  also	  informative	  to	  study	  the	  orientation,	  

conformation,	  distribution,	  and	  preferred	  location	  of	  these	  small	  molecules	  along	  the	  various	  

component	  functional	  groups	  of	  the	  lipid	  molecule.	  

In	  a	  manner	  similar	  to	  that	  described	  in	  Section	  2.5.2.2,	  density	  profiles	  can	  be	  obtained,	  

indicating	  the	  average	  distribution	  and	  preferred	  locations	  of	  small	  molecules	  in	  a	  simulation.	  
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These	  profiles	  also	  provide	  insight	  into	  the	  average	  orientations	  assumed	  by	  small	  molecules	  

with	  respect	  to	  phospholipid	  layers	  when	  the	  densities	  of	  individual	  particles	  or	  groups	  of	  

particles	  that	  constitute	  these	  molecules	  are	  plotted	  separately.	  Orientation	  can	  be	  probed	  

further	  by	  defining	  vectors	  between	  particles	  or	  groups	  of	  particles.	  Using	  trigonometric	  ratios,	  

the	  angles	  between	  these	  vectors	  and	  some	  reference	  vector	  of	  interest	  (such	  as	  the	  normal	  to	  

the	  interface)	  can	  be	  determined.	  	  

Radial	  distribution	  functions	  (discussed	  in	  Section	  2.5.2.3)	  can	  be	  used	  to	  determine	  the	  

probability	  of	  finding	  a	  particular	  group	  or	  molecule	  at	  a	  distance	  r	  from	  another	  group	  or	  

molecule.	  This	  is	  useful	  for	  identifying	  aggregation	  of	  like	  or	  unlike	  groups	  and	  quantifies	  

average	  distance	  of	  closest	  approach	  between	  any	  two	  groups.	  The	  orientation	  and	  location	  of	  

a	  small	  molecule	  inside	  a	  phospholipid	  layer	  will	  depend	  on	  the	  chemical	  moieties	  that	  

constitute	  the	  small	  molecule	  in	  question.	  Changes	  in	  conformation	  of	  the	  small	  molecule	  can	  

also	  be	  informative	  to	  its	  molecular	  mechanism	  of	  action.	  These	  properties	  can	  be	  observed	  

through	  simulation	  snapshots	  and	  quantified	  using	  some	  of	  the	  methods	  described	  above.	  

	  

2.5.4 Obtaining	  Free	  Energy	  Profiles	  from	  Steered	  Molecular	  Dynamics	  Simulations	  

Free	  energy	  profiles	  are	  obtained	  from	  steered	  molecular	  dynamics	  simulations.	  These	  

profiles	  represent	  the	  thermodynamic	  barriers	  to	  transport	  across	  a	  phospholipid	  layer,	  as	  well	  

as	  energetically	  favored	  locations	  in	  the	  layer.	  It	  has	  been	  shown	  through	  experimental	  

evidence	  that	  retention	  of	  small	  molecules	  in	  bilayers	  depends	  on	  molecular	  size	  [153].	  A	  linear	  

relationship	  between	  the	  size	  of	  extraneous	  molecules	  (in	  terms	  of	  chain	  length)	  and	  their	  free	  

energy	  of	  partitioning	  into	  lipid	  membranes	  has	  been	  observed.	  Larger	  molecules	  partitioned	  
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more	  readily	  into	  lipid	  membranes.	  Therefore,	  free	  energy	  profiles	  can	  provide	  important	  

insight	  into	  the	  thermodynamic	  driving	  force	  associated	  with	  small	  molecule	  interactions	  with	  

phospholipid	  layers.	  

Our	  steered	  MD	  simulations	  start	  with	  the	  center-‐of-‐mass	  of	  a	  target	  molecule	  tethered	  

to	  a	  moving	  point.	  As	  the	  tether	  point	  is	  moved	  at	  a	  constant	  velocity	  from	  the	  water	  phase	  into	  

the	  phospholipid	  layer,	  the	  total	  restoring	  force	  exerted	  by	  the	  spring	  to	  keep	  the	  toxin	  

molecule	  tethered	  is	  recorded.	  The	  molecule	  is,	  however,	  allowed	  to	  move	  freely	  in	  the	  xy-‐

plane.	  	  

According	  to	  the	  isobaric-‐isothermal	  Jarzynski	  equality	  (Equation	  (2-‐16)),	  for	  a	  system	  

coupled	  to	  a	  constant	  temperature	  and	  pressure	  bath	  that	  is	  going	  through	  a	  nonequilibrium	  

transition	  between	  two	  equilibrium	  states,	  the	  change	  in	  Gibbs	  free	  energy	  (ΔG)	  between	  the	  

two	  states	  is	  directly	  related	  to	  the	  work	  done	  (W)	  on	  the	  system	  as	  the	  transition	  occurs	  [154-‐

156]:	  

	  

𝑒!! !!! = 𝑒!∆! !!! 	  

(2-‐16)	  
	  

The	  exponential	  average	   𝑒!! !!! 	  can	  be	  difficult	  to	  estimate,	  therefore	  a	  cumulant	  

expansion	  has	  been	  proposed	  [155,	  156].	  For	  a	  very	  slow	  transition	  and	  if	  the	  process	  is	  

reversible	  (when	  a	  small	  pulling	  velocity	  is	  used),	  one	  can	  neglect	  all	  but	  the	  first	  term	  of	  the	  

cumulant	  expansion	  to	  obtain	  an	  estimate	  of	  the	  Gibbs	  free	  energy	  change:	  
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𝑊 = ∆𝐺	  

(2-‐17)	  
	  

A	  running	  integral	  of	  the	  restoring	  force	  over	  the	  distance	  covered	  by	  the	  solute	  molecule	  yields	  

the	  potential	  of	  mean	  force	  (PMF)	  [157-‐159]	  for	  transit	  from	  the	  aqueous	  phase	  into	  the	  

phospholipid	  layer.	  This	  is	  then	  equivalent	  to	  the	  work	  done	  by	  the	  solute	  molecule	  during	  

permeation.	  In	  the	  limiting	  case	  of	  a	  large	  spring	  constant	  (stiff	  spring	  approximation),	  the	  

potential	  of	  mean	  force	  has	  been	  shown	  to	  be	  approximately	  equal	  to	  the	  change	  in	  free	  

energy	  [155].	  The	  absolute	  height	  of	  free	  energy	  barriers	  obtained	  from	  coarse-‐grained	  

molecular	  dynamics	  simulations	  are	  known	  to	  be	  typically	  higher	  than	  those	  from	  atomistic	  

simulations	  [79].	  But	  the	  existence	  and	  location	  of	  such	  barriers	  are	  nonetheless	  informative	  in	  

understanding	  the	  absorption,	  transport,	  or	  partitioning	  of	  a	  foreign	  molecule	  into	  a	  

phospholipid	  layer.	  
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3. HYDROXYCOUMARIN	  TRANSPORT	  INDICATES	  A	  BIOPHYSICAL	  MECHANISM	  FOR	  

DIFFERENTIAL	  TOXICITY	  

3.1 Introduction	  

Agents	  of	  opportunity	  are	  commercially	  available	  chemicals	  that	  have	  the	  potential	  to	  be	  

weaponized	  [32].	  One	  such	  chemical	  threat	  is	  the	  anticoagulant	  rodenticide	  brodifacoum.	  

Following	  oral	  or	  transdermal	  exposure,	  this	  compound	  interferes	  with	  blood	  clotting	  which	  

leads	  to	  potentially	  fatal	  hemorrhaging	  [33,	  34,	  36-‐38,	  160,	  161].	  Brodifacoum	  inhibits	  

coagulation	  by	  indirectly	  depleting	  the	  active	  form	  of	  vitamin	  K,	  a	  cofactor	  necessary	  for	  

synthesis	  of	  clotting	  proteins	  [33-‐37,	  160,	  162-‐167].	  Thus,	  bleeding	  caused	  by	  brodifacoum	  

exposure	  can	  be	  treated	  by	  supplementing	  vitamin	  K.	  However,	  study	  of	  warfarin,	  the	  clot	  

preventing	  therapeutic	  from	  which	  brodifacoum	  is	  derived,	  indicates	  a	  potential	  for	  

anticoagulant-‐induced	  cytotoxicity	  [168-‐171]	  –	  a	  pathological	  event	  that	  is	  not	  addressed	  by	  

vitamin	  K	  therapy.	  While	  warfarin	  can	  yield	  acute	  tissue	  damage,	  conservative	  dosing	  and	  a	  

limited	  physiological	  half-‐life	  restrict	  the	  clinical	  relevance	  of	  this	  mode	  of	  toxicity.	  In	  contrast,	  

brodifacoum	  can	  remain	  sequestered	  in	  organs	  for	  up	  to	  a	  year	  [33-‐38],	  and	  malicious	  or	  

accidental	  release	  could	  lead	  to	  large	  exposures.	  Like	  many	  agents	  of	  opportunity,	  the	  

mechanisms	  of	  toxicity	  and	  acute	  and	  chronic	  consequences	  of	  brodifacoum	  exposure	  are	  not	  

well	  understood.	  Appreciation	  of	  these	  mechanisms	  will	  be	  necessary	  in	  order	  to	  design	  

strategies	  for	  the	  treatment	  of	  exposure	  to	  this	  chemical	  threat	  and	  the	  development	  of	  

defenses	  against	  it.	  	  

In	  this	  chapter,	  we	  employ	  molecular	  dynamics	  (MD)	  simulations	  to	  explore	  a	  potential	  

membrane-‐mediated	  mechanism	  for	  anticoagulant	  cytotoxicity	  in	  general	  and	  the	  heightened	  
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toxicity	  of	  brodifacoum	  in	  particular.	  Vitamin	  K	  epoxide	  reductase,	  the	  enzymatic	  target	  for	  

both	  warfarin	  and	  brodifacoum,	  is	  responsible	  for	  post-‐translational	  modification	  of	  a	  number	  

of	  clotting	  proteins	  [172-‐174].	  As	  the	  enzyme	  is	  an	  integral	  membrane	  protein	  that	  resides	  at	  

the	  endoplasmic	  reticulum,	  the	  anticoagulants	  must	  cross	  the	  plasma	  membrane	  to	  reach	  this	  

intracellular	  site	  of	  action.	  The	  size	  and	  lipophilicity	  of	  these	  anticoagulant	  species	  suggests	  

transmembrane	  flux	  by	  passive	  permeation	  is	  possible	  [175-‐177].	  During	  their	  transit,	  we	  posit	  

that	  the	  class	  of	  anticoagulants	  to	  which	  both	  brodifacoum	  and	  warfarin	  belong	  (i.e.,	  

hydroxycoumarins)	  may	  disrupt	  membrane	  barrier	  function	  by	  accumulation	  within	  –	  and	  

transit	  through	  –	  the	  lipid	  bilayer.	  The	  molecular	  simulations	  described	  herein	  reveal	  the	  

detailed	  mechanisms	  by	  which	  warfarin	  and	  brodifacoum	  disrupt	  a	  lipid	  membrane	  and,	  hence,	  

the	  molecular	  phenomena	  that	  may	  underlie	  their	  differential	  cytotoxicity.	  The	  simulations	  

reveal	  differences	  in	  mode	  of	  entry,	  molecular	  orientation	  and	  retention	  within	  the	  bilayer,	  as	  

well	  as	  consequent	  changes	  in	  structure	  of	  the	  model	  membrane.	  Bilayer	  thinning	  and	  

permeabilization	  due	  to	  incorporation	  of	  these	  extraneous	  species	  permits	  water	  permeation.	  

This,	  if	  accompanied	  by	  uncontrolled	  flux	  of	  ions	  and	  other	  small	  molecules,	  would	  indicate	  a	  

dysregulation	  of	  the	  delicate	  homeostatic	  balance	  necessary	  to	  maintain	  cell	  health.	  Further,	  

we	  identify	  a	  potential	  for	  brodifacoum-‐driven	  flip-‐flop	  of	  membrane	  phospholipids.	  	  

	  

3.2 Bolaamphiphilic	  Effects	  on	  Phospholipid	  Bilayers	  

Brodifacoum	  is	  an	  amphiphilic	  molecule	  with	  polar	  groups	  on	  two	  ends	  separated	  by	  a	  

lipophilic	  central	  region.	  Bolaform	  amphiphilic	  molecules	  (bolaamphiphiles)	  are	  molecules	  

composed	  of	  two	  polar	  moieties	  separated	  by	  a	  lipophilic	  spacer,	  in	  contrast	  to	  traditional	  
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amphiphilic	  molecules	  which	  have	  only	  one	  polar	  section	  connected	  to	  a	  lipophilic	  one.	  Like	  

traditional	  amphiphiles,	  however,	  bolaamphiphiles	  are	  surface-‐active	  agents	  and	  form	  

nanostructures	  in	  aqueous	  solution	  such	  as	  micelles,	  ribbons,	  and	  fibers	  [178-‐180].	  In	  nature,	  

they	  occur	  as	  a	  major	  constituent	  of	  the	  cell	  membranes	  of	  archaebacteria,	  affording	  these	  

organisms	  properties	  that	  enable	  them	  to	  survive	  in	  extreme	  conditions	  such	  as	  high	  

temperatures	  and	  low	  pH.	  These	  properties	  include	  superior	  stability	  of	  cell	  membranes	  

composed	  mostly	  of	  bolaamphiphiles	  [181].	  

Due	  to	  their	  membrane	  stabilizing	  and	  self-‐aggregation	  properties,	  bolaamphiphiles	  have	  

been	  studied	  extensively	  in	  order	  to	  create	  nanostructures	  for	  applications	  such	  as	  targeted	  

drug	  delivery	  [178].	  Their	  polar	  head	  groups	  can	  be	  functionalized	  to	  interact	  directly	  with	  

specific	  biomolecules	  like	  nucleic	  acids	  and	  phospholipids.	  Also,	  by	  tuning	  the	  groups	  making	  up	  

the	  lipophilic	  spacer,	  bolaamphiphiles	  can	  be	  made	  more	  or	  less	  membrane	  stabilizing	  [182,	  

183].	  The	  overall	  length	  of	  bolaamphiphile	  molecules	  is	  an	  important	  parameter	  as	  well.	  

Membrane-‐spanning	  molecules	  in	  which	  the	  lipophilic	  spacer	  length	  matches	  the	  thickness	  of	  

the	  aliphatic	  tail	  region	  of	  phospholipid	  bilayers	  have	  been	  found	  to	  be	  particularly	  membrane	  

stabilizing.	  This	  stabilizing	  effect	  changes	  based	  on	  the	  composition	  of	  the	  lipophilic	  spacer,	  

with	  e.g.	  rigid	  aromatic	  rings	  lending	  more	  stability	  to	  the	  membrane	  than	  unbranched	  

saturated	  aliphatic	  chains	  [179,	  183].	  Rates	  of	  lipid	  flip-‐flop	  have	  been	  observed	  to	  increase	  in	  

the	  presence	  of	  membrane-‐spanning	  bolaamphiphiles,	  but	  tend	  to	  decrease	  as	  the	  stiffness	  of	  

the	  aliphatic	  linker	  is	  increased	  [181,	  183].	  The	  conformation	  adopted	  by	  bolaamphiphiles	  in	  

phospholipid	  membranes	  is	  also	  important.	  Molecules	  with	  lipophilic	  spacers	  made	  up	  of	  

flexible	  moieties	  are	  able	  to	  adopt	  U-‐shaped	  or	  hairpin	  conformations	  in	  lipid	  bilayers	  [182,	  
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183].	  The	  incidence	  of	  this	  folded	  conformation	  as	  opposed	  to	  the	  membrane	  spanning	  one	  

depends	  on	  both	  the	  flexibility	  of	  the	  lipophilic	  linker	  as	  well	  as	  the	  bolaamphiphile	  

concentration.	  

Since	  most	  applications	  focus	  on	  the	  membrane	  stabilizing	  properties	  and	  nanostructure	  

formation	  of	  bolaamphiphiles,	  few	  studies	  have	  probed	  the	  properties	  of	  bolaamphiphiles	  with	  

lipophilic	  linkers	  that	  are	  shorter	  than	  the	  hydrophobic	  thickness	  of	  phospholipid	  membranes.	  

Even	  fewer	  studies	  focus	  on	  these	  shorter	  bolaamphiphiles,	  which	  have	  asymmetric	  polar	  head	  

groups.	  One	  study	  suggests	  that	  bolaamphiphiles	  that	  are	  shorter	  than	  the	  bilayer	  thickness	  

have	  a	  destabilizing	  effect	  and	  consequently	  cause	  phase	  separation	  between	  monopolar	  lipids	  

and	  bolaamphiphiles	  [182].	  This	  destabilization	  is	  due	  to	  the	  hydrophobic	  mismatch	  between	  

the	  thickness	  of	  the	  aliphatic	  tail	  region	  of	  the	  bilayer	  and	  the	  shorter	  lipophilic	  spacer	  of	  the	  

bolaamphiphiles.	  

Our	  molecule	  of	  interest,	  brodifacoum,	  is	  similar	  in	  structure	  to	  an	  asymmetrical	  

bolaamphiphile	  due	  to	  the	  polar	  hydroxycoumarin	  moiety	  on	  one	  end	  and	  the	  induced	  

heightened	  polar	  nature	  of	  the	  bromine	  group	  on	  the	  other	  end	  of	  the	  molecule,	  separated	  by	  

several	  aromatic	  groups.	  Although	  brodifacoum	  has	  a	  bolaamphiphilic	  structure,	  its	  length	  is	  on	  

the	  order	  of	  that	  of	  a	  phospholipid;	  therefore	  it	  cannot	  span	  the	  membrane.	  Due	  to	  this	  

mismatch	  in	  length	  of	  the	  hydrophobic	  region	  of	  brodifacoum	  and	  phospholipid	  bilayers,	  we	  

observe	  that	  brodifacoum	  adopts	  dynamically	  varying	  configurations	  in	  the	  bilayer,	  and	  hence	  

has	  a	  destabilizing	  effect.	  
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3.3 Creating	  a	  Model	  System	  

3.3.1 Molecular	  Dynamics	  Simulations	  

Coarse-‐grained	  molecular	  dynamics	  simulations	  of	  dipalmitoylphosphatidylcholine	  

(DPPC)	  bilayers	  in	  water	  were	  employed	  to	  study	  the	  consequences	  of	  warfarin	  and	  

brodifacoum	  incorporation	  in	  model	  phospholipid	  membranes.	  Details	  of	  the	  software	  used	  for	  

equilibrium	  and	  steered	  MD	  simulations	  are	  provided	  in	  Section	  2.5.	  

	  

3.3.2 Molecule	  Topologies	  

The	  MARTINI	  coarse-‐graining	  approach	  and	  force	  field	  [79,	  80]	  were	  employed	  to	  create	  

molecule	  topologies	  for	  systems	  incorporating	  warfarin,	  brodifacoum	  and	  a	  DPPC	  bilayer	  fully	  

solvated	  in	  water.	  The	  MARTINI	  approach	  creates	  coarse-‐grained	  representations	  of	  each	  

molecule	  by	  replacing	  the	  constituent	  atoms	  with	  interaction	  sites	  consisting	  of	  2-‐4	  heavy	  

atoms.	  These	  sites,	  and	  their	  non-‐bonded	  interaction	  properties,	  are	  chosen	  so	  as	  to	  preserve	  

the	  underlying	  geometric	  structure	  and	  physicochemical	  properties	  of	  the	  molecule.	  The	  

structure	  of	  DPPC	  was	  taken	  from	  an	  existing	  topology	  (http://md.chem.rug.nl/cgmartini/),	  as	  

was	  the	  coarse-‐grained	  representation	  for	  water.	  Our	  coarse-‐grained	  representations	  of	  the	  

hydroxycoumarin	  molecules	  were	  created	  by	  grouping	  atoms	  into	  interaction	  sites	  located	  at	  

the	  corresponding	  centers	  of	  mass.	  Warfarin	  (23	  heavy	  atoms)	  and	  brodifacoum	  (35	  heavy	  

atoms)	  were	  represented	  by	  8	  and	  14	  coarse-‐grained	  particles	  respectively	  (Figure	  3-‐1).	  

Standard	  MARTINI	  interaction	  types	  were	  then	  assigned	  to	  each	  coarse-‐grained	  particle	  and	  

equilibrium	  bond	  lengths	  and	  angles	  were	  determined	  based	  on	  particle	  connectivity.	  
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Figure	  3-‐1:	  Two-‐dimensional	  structure	  of	  warfarin	  (top)	  and	  brodifacoum	  (bottom)	  overlaid	  
with	  the	  coarse-‐grained	  representation	  of	  each	  molecule.	  
The	  hydroxycoumarin	  ring	  moiety	  common	  to	  both	  molecules	  is	  colored	  in	  red/orange	  and	  
circled	  (a	  negative	  charge	  is	  distributed	  between	  the	  orange	  particles	  for	  deprotonated	  
species).	  In	  the	  case	  of	  warfarin,	  the	  phenyl	  ring	  is	  colored	  grey	  and	  the	  carbonyl	  group	  is	  
purple.	  For	  brodifacoum,	  the	  tetralin	  ring	  is	  colored	  purple,	  the	  biphenyl	  group	  grey	  and	  the	  
brominated	  moiety	  is	  green.	  This	  color	  scheme	  is	  used	  in	  all	  subsequent	  images	  of	  the	  two	  
molecules,	  except	  when	  indicated	  otherwise.	  
	  
	  
	  
	  
	  

Van	  der	  Waals	  interactions	  between	  neutral,	  non-‐bonded	  particle	  pairs	  were	  described	  

using	  a	  shifted	  Lennard-‐Jones	  12-‐6	  potential	  energy	  function.	  Non-‐bonded	  interactions	  were	  

cut	  off	  at	  1.2	  nm	  and	  the	  Lennard-‐Jones	  potential	  was	  shifted	  from	  0.9	  nm	  to	  the	  cutoff.	  For	  

charged	  non-‐bonded	  interactions,	  the	  Coulombic	  electrostatic	  potential	  was	  shifted	  from	  
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0.0	  nm	  to	  the	  cutoff	  distance	  of	  1.2	  nm.	  Hence,	  long-‐range	  electrostatic	  interactions	  were	  

neglected,	  as	  pairwise	  interactions	  beyond	  1.2	  nm	  were	  not	  considered.	  A	  weak	  harmonic	  

potential	  was	  used	  to	  describe	  interactions	  between	  covalently	  bonded	  sites,	  and	  a	  weak	  

harmonic	  cosine	  potential	  was	  used	  to	  represent	  chain	  stiffness	  for	  the	  angles	  between	  three	  

consecutive	  bonded	  particles.	  	  

The	  selected	  particle	  types	  for	  CG	  models	  of	  warfarin	  and	  brodifacoum	  were	  validated	  

by	  reproducing	  the	  octanol/water	  partition	  coefficient	  using	  the	  BAR	  free	  energy	  difference	  

method	  as	  implemented	  in	  Gromacs.	  Partition	  coefficients	  of	  3.1	  and	  8.65	  for	  warfarin	  and	  

brodifacoum	  respectively	  were	  estimated	  by	  the	  free	  energy	  difference	  between	  solvation	  in	  

water	  and	  water-‐saturated	  octanol.	  These	  values	  compare	  well	  with	  the	  experimentally	  

determined	  octanol/water	  partition	  coefficients	  of	  2.7	  for	  warfarin	  and	  8.5	  for	  

brodifacoum[173].	  

As	  brodifacoum	  and	  warfarin	  exist	  as	  acid-‐base	  pairs	  and	  are	  predominantly	  found	  in	  

their	  charged	  states	  at	  physiological	  pH,	  we	  considered	  both	  neutral	  and	  deprotonated	  forms	  of	  

these	  species	  in	  our	  simulations.	  Representation	  of	  the	  deprotonated	  (ionized)	  species	  was	  

achieved	  by	  replacing	  two	  CG	  interactions	  sites	  (colored	  orange	  in	  Figure	  3-‐1)	  in	  the	  

hydroxycoumarin	  ring	  with	  charge-‐bearing	  particle	  types	  of	  charge	  magnitude	  -‐0.5	  each.	  

	  

3.3.3 Simulation	  System	  

Each	  simulation	  system	  consisted	  of	  a	  central	  phospholipid	  bilayer	  containing	  100	  DPPC	  

molecules	  in	  each	  leaflet	  and	  surrounded	  on	  both	  sides	  by	  water	  slabs	  containing	  4000	  coarse-‐

grained	  water	  particles	  each	  (Figure	  3-‐2).	  The	  polar	  head	  groups	  of	  DPPC	  were	  fully	  solvated	  in	  
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the	  aqueous	  phase,	  with	  the	  hydrophobic	  tails	  forming	  the	  center	  of	  the	  bilayer.	  In	  most	  cases,	  

either	  the	  neutral	  or	  deprotonated	  form	  of	  the	  hydroxycoumarin	  species	  of	  interest	  was	  initially	  

incorporated	  within	  the	  aqueous	  phase.	  In	  the	  case	  of	  brodifacoum,	  the	  poor	  aqueous	  solubility	  

of	  the	  molecule	  led	  to	  rapid	  aggregation	  in	  the	  aqueous	  phase.	  Thus,	  simulations	  incorporating	  

multiple	  brodifacoum	  molecules	  at	  various	  concentrations	  were	  initiated	  with	  the	  

hydroxycoumarin	  intercalated	  amongst	  DPPC	  molecules	  in	  the	  bilayer.	  For	  simulations	  

containing	  deprotonated	  warfarin	  and	  brodifacoum,	  an	  equal	  number	  of	  Na+	  counterions	  was	  

added	  to	  maintain	  charge	  neutrality.	  System	  specifications	  for	  all	  simulations	  are	  summarized	  in	  

Table	  3-‐1.	  This	  set	  includes	  a	  reference	  system	  containing	  a	  fully	  solvated	  phospholipid	  bilayer	  

without	  hydroxycoumarin	  molecules.	  	  

TABLE	  3-‐1:	  EQUILIBRIUM	  SIMULATION	  SYSTEM	  SPECIFICATIONS	  
Hydroxycoumarin	  

species	  
Number	  of	  

hydroxycoumarins	  
Charge	  

Warfarin	   50	   Neutral	  
Warfarin	   50	   -‐1	  

Brodifacoum	   20	   Neutral	  
Brodifacoum	   10	   -‐1	  
Brodifacoum	   20	   -‐1	  
Brodifacoum	   30	   -‐1	  
Brodifacoum	   40	   -‐1	  

	  
	  
	  
	  
	  
The	  general	  methods	  used	  in	  the	  simulations	  are	  described	  in	  Section	  2.5.	  Simulation	  

production	  runs	  lasted	  320	  ns	  and	  were	  used	  for	  data	  analysis.	  An	  integration	  time	  step	  of	  20	  fs	  

was	  used	  to	  integrate	  the	  equations	  of	  motion	  [130-‐132].	  An	  isothermal-‐isobaric	  (NPT)	  
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ensemble	  was	  maintained;	  volume	  (and	  hence	  the	  cross	  sectional	  area)	  of	  each	  system	  was	  

allowed	  to	  fluctuate	  freely.	  Each	  component	  of	  the	  simulation	  system	  was	  coupled	  separately	  

to	  a	  temperature	  bath	  using	  Nosé-‐Hoover	  protocols	  [184-‐186]	  with	  a	  coupling	  constant	  of	  1.5	  

ps.	  Pressure	  coupling	  at	  1	  atm	  was	  achieved	  using	  a	  Parrinello-‐Rahman	  scheme	  [132]	  with	  a	  

coupling	  constant	  of	  5	  ps.	  To	  maintain	  a	  tensionless	  bilayer,	  pressure	  coupling	  was	  

implemented	  as	  semi-‐isotropic.	  

	  

3.3.4 Spontaneous	  Incorporation	  of	  Warfarin	  and	  Brodifacoum	  

Using	  a	  system	  with	  hydroxycoumarin	  molecules	  initially	  distributed	  in	  the	  aqueous	  

phase,	  spontaneous	  membrane	  incorporation	  of	  each	  hydroxycoumarin	  was	  simulated.	  Initial	  

aqueous-‐phase	  concentrations	  of	  warfarin	  and	  brodifacoum	  were	  85.7	  mM	  and	  34.3	  mM	  

respectively.	  In	  the	  case	  of	  brodifacoum,	  for	  which	  aqueous	  solubility	  is	  very	  poor	  (0.46	  µM)	  

[168],	  this	  initial	  concentration	  led	  to	  spontaneous	  aggregation.	  The	  aggregate	  rapidly	  

associated	  with	  the	  phospholipid	  bilayer,	  with	  subsequent	  dissociation	  of	  the	  molecules	  due	  to	  

favorable	  interactions	  with	  the	  hydrophobic	  region	  of	  the	  lipid	  bilayer.	  

	  

3.3.5 Constant	  Velocity	  Steered	  Molecular	  Dynamics	  Simulations	  

Steered	  molecular	  dynamics	  simulations	  were	  employed	  to	  estimate	  the	  

thermodynamic	  landscape	  for	  transit	  through	  the	  bilayer.	  In	  each	  case,	  one	  molecule	  of	  either	  

warfarin	  or	  brodifacoum	  was	  steered	  at	  a	  constant	  velocity	  through	  (i)	  a	  ‘bare’	  DPPC	  bilayer	  or	  

(ii)	  a	  bilayer	  already	  populated	  with	  additional	  warfarin	  or	  brodifacoum	  molecules	  (at	  11	  mol%	  

and	  13	  mol%	  respectively).	  Steered	  simulation	  specifications	  are	  listed	  in	  Table	  3-‐2.	  Each	  
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simulation	  was	  run	  for	  400	  ns	  and	  consisted	  of	  a	  200	  ns	  equilibration	  phase	  during	  which	  the	  

motion	  of	  a	  target	  warfarin	  or	  brodifacoum	  molecule	  was	  constrained	  in	  the	  z-‐dimension.	  This	  

was	  achieved	  by	  tethering	  the	  molecule	  to	  a	  fixed	  point	  in	  the	  aqueous	  phase	  using	  a	  harmonic	  

spring	  potential.	  The	  constraint	  prevented	  spontaneous	  entry	  into	  the	  bilayer	  during	  

equilibration.	  A	  further	  10	  ns	  post-‐equilibration	  simulation	  was	  performed	  to	  obtain	  multiple	  

initial	  configurations	  for	  constant	  velocity	  simulations.	  

TABLE	  3-‐2:	  STEERED	  SIMULATION	  SYSTEM	  SPECIFICATIONS	  
Hydroxycoumarin	  	  

species	  
Number	  of	  

hydroxycoumarins	  
Charge	  

Warfarin	   1	   Neutral	  
Warfarin	   50	   Neutral	  
Warfarin	   1	   -‐1	  
Warfarin	   50	   -‐1	  

Brodifacoum	   1	   Neutral	  
Brodifacoum	   20	   Neutral	  
Brodifacoum	   1	   -‐1	  
Brodifacoum	   20	   -‐1	  

	  
	  
	  
	  
	  
The	  center-‐of-‐mass	  of	  the	  target	  molecule	  was	  then	  tethered	  to	  a	  moving	  point.	  As	  the	  

tether	  point	  was	  moved	  at	  a	  constant	  velocity	  along	  the	  z-‐coordinate	  from	  the	  aqueous	  phase	  

into	  the	  bilayer,	  the	  force	  required	  was	  recorded.	  While	  traversing	  this	  path,	  the	  molecule	  was	  

allowed	  to	  move	  freely	  in	  the	  xy-‐plane.	  The	  harmonic	  spring	  constant	  and	  velocity	  of	  the	  tether	  

point	  were	  40	  Kcal/mol/	  Å2	  and	  1	  Å/ns	  respectively.	  The	  tether	  point	  velocity	  was	  chosen	  to	  

cause	  a	  rate	  of	  transit	  orders	  of	  magnitude	  smaller	  than	  the	  root	  mean	  square	  thermal	  velocity	  
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of	  ∼1050	  Å/ns	  for	  DPPC,	  thereby	  ensuring	  that	  the	  bilayer	  was	  not	  needlessly	  perturbed	  by	  

solute	  permeation	  [157,	  159,	  187].	  Each	  steered	  simulation	  was	  run	  for	  200	  ns	  and	  replicated	  

10	  times	  using	  the	  different	  initial	  configurations	  obtained	  from	  the	  prior	  z-‐constrained	  

simulations	  in	  order	  to	  reduce	  systematic	  errors	  [154,	  158,	  159,	  187,	  188].	  The	  isobaric-‐

isothermal	  Jarzynski	  equality	  (Equation	  (2-‐16)	  in	  Section	  2.5.4)	  was	  used	  to	  estimate	  free	  

energy	  profiles	  from	  the	  work	  done	  during	  transit	  from	  water	  to	  bilayer.	  All	  other	  simulation	  

conditions	  for	  steered	  simulations	  were	  identical	  to	  those	  used	  for	  the	  unconstrained	  

simulations.	  
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3.4 Results	  and	  Discussion	  

Both	  neutral	  and	  charged	  forms	  of	  the	  hydroxycoumarin	  molecules	  spontaneously	  

accumulated	  within	  DPPC	  bilayers,	  with	  a	  consequent	  change	  in	  structure	  and	  dynamics	  of	  the	  

membrane.	  In	  all	  cases,	  incorporation	  of	  the	  deprotonated	  (ionized)	  form	  yielded	  a	  similar,	  but	  

more	  pronounced	  effect.	  As	  >99%	  of	  brodifacoum	  and	  warfarin	  molecules	  are	  expected	  to	  be	  

deprotonated	  at	  physiological	  pH	  (pKa	  ∼5	  at	  pH	  7.4),	  we	  present	  here	  the	  results	  for	  the	  

charged	  form	  of	  each	  hydroxycoumarin,	  except	  where	  stated	  otherwise.	  Although	  the	  

simulations	  all	  contained	  the	  same	  number	  of	  phospholipids,	  at	  equilibrium,	  all	  the	  

brodifacoum	  molecules	  were	  sequestered	  within	  the	  bilayers,	  while	  a	  large	  fraction	  of	  warfarin	  

remained	  in	  the	  water	  phase.	  Therefore,	  results	  are	  compared	  on	  the	  basis	  of	  similar	  interfacial	  

concentrations	  of	  the	  two	  hydroxycoumarin	  compounds.	  

	  

3.4.1 Spontaneous	  Retention	  of	  Hydroxycoumarins	  Within	  the	  Bilayer	  

Figure	  3-‐2	  presents	  snapshots	  taken	  from	  simulations	  of	  spontaneous	  hydroxycoumarin	  

uptake	  in	  the	  presence	  of	  a	  DPPC	  bilayer.	  The	  interfacial	  concentrations	  of	  warfarin	  (Figure	  3-‐2	  

(a))	  and	  brodifacoum	  (Figure	  3-‐2	  (b))	  are	  similar	  at	  11	  mol%	  and	  13	  mol%	  respectively.	  At	  these	  

and	  higher	  interfacial	  concentrations	  (not	  shown),	  brodifacoum	  is	  not	  observed	  to	  leave	  the	  

bilayer	  within	  the	  320	  ns	  duration	  of	  the	  simulation.	  Warfarin,	  in	  contrast,	  diffuses	  freely	  in	  and	  

out	  of	  the	  DPPC	  interface.	  Neither	  species	  exhibits	  phase	  segregation	  or	  other	  aggregation	  

within	  the	  bilayer.	  
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Figure	  3-‐2:	  Snapshots	  of	  simulation	  cells	  containing	  fully	  equilibrated	  DPPC	  bilayers	  in	  water	  
with	  warfarin	  (a)	  and	  brodifacoum	  (b)	  molecules	  taken	  after	  320	  ns	  of	  simulation	  time.	  
DPPC	  polar	  head	  groups	  and	  glycerol	  backbones	  are	  represented	  by	  white	  spheres	  and	  the	  
hydrophobic	  tails	  are	  yellow	  spheres	  with	  the	  terminal	  tail	  particle	  in	  orange.	  Water	  is	  
depicted	  as	  blue	  dots	  and	  Na+	  counterions	  are	  shown	  as	  small	  pink	  spheres	  dispersed	  in	  the	  
water.	  Warfarin	  and	  brodifacoum	  are	  colored	  as	  described	  in	  Figure	  3-‐1.	  
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3.4.2 Transfer	  Free	  Energy	  for	  Bilayer	  Permeation	  

Entry	  into	  the	  bilayer	  is	  an	  activated	  process	  for	  both	  warfarin	  and	  brodifacoum,	  with	  

transport	  of	  each	  species	  exhibiting	  a	  free	  energy	  minimum	  in	  the	  region	  of	  the	  DPPC	  glycerol	  

backbone	  (Figure	  3-‐3).	  While	  the	  activation	  energy	  barrier	  for	  entry	  into	  a	  bare	  bilayer	  is	  similar	  

for	  the	  two	  species	  (1.8	  ±	  0.6	  kBT	  and	  1.4	  ±	  0.6	  kBT	  respectively	  for	  warfarin	  and	  brodifacoum),	  

the	  intramembrane	  energy	  minimum	  is	  more	  pronounced	  for	  the	  more	  lipophilic	  molecule	  (-‐2.7	  

±	  0.9	  kBT	  vs.	  -‐5.9	  ±	  1.9	  kBT	  for	  warfarin	  and	  brodifacoum	  at	  20	  Å	  and	  19	  Å	  from	  the	  bilayer	  

center	  respectively).	  Prepopulating	  the	  interface	  with	  additional	  hydroxycoumarin	  molecules	  

only	  augments	  this	  difference	  in	  the	  thermodynamic	  landscapes,	  causing	  the	  free	  energy	  for	  

warfarin	  to	  become	  essentially	  barrier-‐free	  with	  respect	  to	  escape	  from	  the	  interface	  (shallow	  

minimum	  of	  -‐0.6	  ±	  1.1	  kBT,	  Figure	  3-‐3	  (a)).	  Indeed	  the	  spontaneous	  simulations	  demonstrated	  

retention	  of	  brodifacoum	  without	  aqueous	  phase	  re-‐entry,	  whereas	  warfarin	  molecules	  were	  

observed	  to	  undergo	  rapid	  entry	  into	  and	  escape	  from	  the	  bilayer	  interfacial	  region.	  

Prepopulation	  of	  the	  bilayer	  with	  brodifacoum	  reduces	  the	  depth	  of	  the	  energy	  well	  (to	  3.0	  ±	  

1.0	  kBT),	  but	  does	  not	  eliminate	  the	  minimum.	  For	  both	  species,	  the	  activation	  barrier	  for	  

bilayer	  association	  is	  essentially	  unchanged	  by	  prepopulation	  of	  the	  interface.	  This	  may	  reflect	  

the	  association	  of	  each	  molecule	  with	  the	  interface	  being	  driven	  by	  interactions	  between	  the	  

hydroxycoumarin	  ring	  and	  phospholipid	  head	  groups;	  retention	  within	  the	  bilayer	  is	  then	  

mediated	  by	  the	  potential	  for	  favorable	  apolar	  interactions	  with	  the	  membrane	  hydrophobic	  

core,	  which	  exists	  for	  brodifacoum	  more	  so	  than	  for	  warfarin.	  

Bilayer	  permeation	  subsequent	  to	  association	  with	  the	  interface	  is	  also	  an	  activated	  

process.	  A	  thermodynamic	  barrier	  of	  ∼21	  ±	  7	  kBT	  makes	  the	  bilayer	  crossing	  event	  kinetically	  
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inaccessible	  in	  the	  spontaneous	  permeation	  simulations.	  No	  crossing	  events	  are	  observed	  for	  

either	  species.	  However,	  fluctuations	  in	  system	  energy	  occur	  with	  a	  magnitude	  of	  ∼	  213	  kBT,	  

indicating	  that	  the	  crossing	  event	  should	  be	  possible	  even	  given	  the	  ionized	  state	  of	  the	  

hydroxycoumarin.	  

	  

	  

	  

Figure	  3-‐3:	  Free	  energy	  profiles	  of	  warfarin	  (left)	  and	  brodifacoum	  (right)	  as	  a	  function	  of	  
distance	  through	  the	  bilayer.	  Statistical	  error	  bars	  are	  represented	  as	  shaded	  bands	  around	  
the	  profiles.	  
Prepopulated	  systems	  are	  shown	  as	  red	  curves.	  Initially	  bare	  systems	  are	  black	  curves	  with	  
crosshatched	  error	  bands.	  Approximate	  positions	  of	  DPPC	  polar	  head	  groups	  are	  indicated	  by	  
vertical	  dashed	  lines.	  Brodifacoum	  and	  warfarin	  are	  abbreviated	  as	  BDF	  and	  WAR	  
respectively.	  
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3.4.3 Lateral	  Expansion,	  Thinning	  and	  Curvature	  of	  the	  Bilayer	  

Incorporation	  of	  either	  hydroxycoumarin	  at	  constant	  surface	  pressure	  caused	  the	  

bilayer	  to	  expand	  laterally.	  At	  an	  interfacial	  warfarin	  mole	  fraction	  xw	  =	  0.11,	  an	  11%	  expansion	  

of	  the	  cross-‐sectional	  area	  was	  observed	  (i.e.,	  from	  59.5	  ±	  0.05	  Å2/lipid	  to	  65.9	  ±	  0.03	  Å2/lipid),	  

yielding	  an	  apparent	  area	  of	  55	  Å2	  per	  warfarin	  molecule.	  Brodifacoum,	  at	  a	  mole	  fraction	  xb	  =	  

0.13,	  caused	  an	  expansion	  of	  19%,	  with	  a	  corresponding	  apparent	  area	  per	  brodifacoum	  

molecule	  of	  75	  Å2.	  The	  lateral	  expansion	  of	  the	  DPPC	  bilayer	  was	  accompanied	  by	  overall	  

thinning	  in	  the	  direction	  normal	  to	  the	  water/lipid	  interface.	  The	  thickness	  of	  the	  bilayer,	  

measured	  as	  the	  distance	  between	  the	  phosphate	  groups	  of	  DPPC	  in	  each	  leaflet,	  was	  reduced	  

by	  ∼2	  Å	  (4%)	  in	  the	  case	  of	  warfarin	  at	  the	  above-‐mentioned	  concentration.	  A	  similar	  

concentration	  of	  brodifacoum	  reduced	  the	  bilayer	  thickness	  by	  ∼5	  Å	  (11%).	  

	  

3.4.4 Changes	  in	  the	  Transmembrane	  Pressure	  Distribution	  

The	  aforementioned	  changes	  in	  bilayer	  structure	  are	  also	  reflected	  in	  the	  lateral	  forces	  

acting	  between	  molecules	  of	  the	  interface.	  Changes	  in	  the	  configuration	  of	  the	  lateral	  pressure	  

profile	  are	  known	  to	  serve	  as	  indicators	  of	  structural	  changes	  within	  a	  bilayer	  [151,	  152].	  The	  

lateral	  pressure	  profiles	  in	  Figure	  3-‐4	  demonstrate	  the	  inhomogeneous	  distribution	  of	  forces	  

within	  the	  bilayer	  and	  are	  represented	  as	  a	  function	  of	  position	  along	  the	  normal	  to	  the	  

interface.	  
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Figure	  3-‐4:	  Lateral	  pressure	  profiles	  from	  simulations	  containing	  brodifacoum	  and	  warfarin	  
(curves	  with	  square	  and	  circle	  symbols	  respectively)	  compared	  to	  a	  bare	  DPPC	  bilayer	  (solid	  
black	  curve).	  
Vertical	  dashed	  lines	  indicate	  approximate	  positions	  of	  DPPC	  polar	  head	  groups.	  
	  
	  
	  
	  
	  

Interactions	  between	  the	  amphiphilic	  phospholipid	  molecules	  give	  rise	  to	  positive	  peaks	  

in	  the	  hydrophobic	  region	  (center	  of	  the	  bilayer)	  and	  head	  group	  regions,	  where	  interactions	  

are	  repulsive.	  Negative	  pressures	  are	  observed	  at	  the	  polar/apolar	  interface,	  where	  cohesive	  

forces	  produce	  a	  local	  tension.	  The	  presence	  of	  hydroxycoumarin	  molecules	  in	  the	  DPPC	  bilayer	  

yields	  a	  broadening,	  outward	  shift,	  and	  reduction	  in	  magnitude	  of	  the	  peak	  in	  the	  head	  group	  

region.	  An	  inward	  shift,	  reduction	  of	  magnitude,	  and	  broadening	  of	  the	  negative	  peak	  are	  

observed	  in	  the	  interfacial	  region.	  As	  these	  data	  result	  from	  a	  zero	  surface-‐tension	  simulation,	  

the	  repulsive	  and	  cohesive	  pressure	  components	  must	  sum	  to	  zero.	  Thus,	  decreases	  in	  repulsive	  

interactions	  at	  one	  location	  must	  be	  accompanied	  by	  reduced	  cohesive	  forces	  in	  other	  parts	  of	  

the	  bilayer.	  The	  resulting	  ‘smoothing’	  of	  the	  pressure	  profile	  is	  indicative	  of	  the	  weakened	  

intermolecular	  interactions	  that	  accompany	  a	  lateral	  expansion	  of	  the	  bilayer.	  Note,	  however,	  
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that	  there	  is	  little	  change	  in	  the	  peak	  pressure	  at	  the	  center	  of	  the	  bilayer,	  suggesting	  that	  

neither	  hydroxycoumarin	  molecule	  significantly	  perturbs	  this	  region	  and	  the	  expansion	  is	  

primarily	  mediated	  by	  changes	  at	  the	  apolar/polar	  interface.	  Furthermore,	  the	  pressure	  

distribution	  in	  the	  head	  group	  region	  is	  essentially	  identical	  for	  brodifacoum	  and	  warfarin,	  

where	  the	  change	  with	  respect	  to	  the	  bare	  bilayer	  is	  a	  consequence	  primarily	  of	  

hydroxycoumarin	  ring	  insertion	  between	  phosphate	  groups.	  

	  

3.4.5 Acyl	  Chain	  Packing	  Order	  

Hydroxycoumarin	  incorporation	  at	  the	  interface	  does	  have	  an	  impact	  on	  the	  dynamics	  

of	  the	  acyl	  chains	  forming	  the	  hydrophobic	  core	  of	  the	  bilayer.	  Here	  the	  presence	  of	  extraneous	  

molecules	  manifests	  as	  an	  increase	  in	  the	  disorder	  of	  the	  DPPC	  tail	  groups.	  Orientational	  order,	  

P2,	  of	  the	  bonds	  in	  the	  acyl	  chains	  is	  evaluated	  as	  per	  Equation	  (3-‐1),	  where	  θ	  	  is	  the	  time-‐

varying	  angle	  between	  the	  bond	  and	  the	  bilayer	  normal.	  

	  

𝑃! =
3cos! 𝜃 𝑡 − 1

2 	  

(3-‐1)	  
	  

The	  order	  parameter	  is	  evaluated	  as	  an	  ensemble	  average	  over	  the	  200	  phospholipid	  

molecules	  constituting	  the	  bilayer	  and	  a	  time	  average	  over	  the	  duration	  of	  the	  simulation	  

production	  run.	  Ranging	  between	  -‐0.5	  and	  1	  (for	  anti-‐alignment	  and	  perfect	  alignment	  with	  the	  

normal	  respectively),	  P2	  gives	  an	  indication	  of	  both	  the	  orientation	  of	  the	  bond	  in	  question	  and	  
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the	  variability	  of	  that	  alignment	  across	  time	  and	  space	  within	  the	  bilayer.	  A	  P2	  value	  of	  zero	  

indicates	  disorder,	  with	  no	  preferred	  orientation	  in	  the	  system.	  	  

	  

	  

	  

Figure	  3-‐5:	  Left:	  order	  parameter	  profiles	  calculated	  along	  the	  bonds	  connecting	  coarse-‐
grained	  sites	  in	  DPPC	  tails	  (bond	  numbering	  shown	  on	  the	  right).	  Open	  symbols	  represent	  the	  
sn1	  and	  closed	  symbols	  the	  sn2	  tails	  of	  DPPC	  (illustrated	  on	  the	  right).	  
The	  bare	  bilayer	  is	  represented	  by	  black	  curves	  and	  diamond	  symbols;	  brodifacoum	  and	  
warfarin	  containing	  bilayers	  are	  red	  and	  blue	  curves	  with	  square	  and	  circle	  symbols	  
respectively.	  Right:	  two-‐dimensional	  structure	  of	  DPPC	  overlaid	  with	  the	  coarse-‐grained	  
representation.	  Choline	  moiety	  is	  colored	  white,	  phosphate	  in	  pink,	  and	  glycerol	  backbone	  in	  
purple.	  The	  sn1	  and	  sn2	  tails	  are	  both	  yellow,	  with	  the	  terminal	  particles	  in	  orange.	  
	  
	  
	  
	  
	  

We	  find	  that	  both	  warfarin	  and	  brodifacoum	  reduce	  the	  orientational	  order	  of	  bonds	  in	  

the	  phospholipid	  acyl	  chains,	  and	  they	  do	  so	  in	  a	  manner	  that	  increases	  with	  distance	  from	  the	  
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glycerol	  backbone	  (Figure	  3-‐5).	  The	  effect	  is	  of	  similar	  magnitude	  for	  the	  two	  hydroxycoumarin	  

species,	  with	  the	  exception	  of	  the	  first	  bond	  in	  the	  sn-‐1	  chain	  for	  the	  case	  of	  brodifacoum	  (i.e.	  

the	  chain	  furthest	  from	  the	  phosphate	  group).	  Here,	  the	  bond	  displays	  a	  greater	  degree	  of	  

alignment	  with	  the	  bilayer	  normal	  than	  in	  the	  case	  of	  warfarin	  uptake.	  The	  reduction	  of	  P2	  is	  

indicative	  of	  an	  increase	  in	  fluidity	  of	  the	  bilayer,	  a	  logical	  consequence	  of	  the	  increased	  head	  

group	  spacing	  induced	  by	  insertion	  of	  the	  hydroxycoumarin	  species	  in	  this	  region.	  	  

	  

3.4.6 Amphiphilic	  Structure	  and	  Dynamic	  Orientation	  of	  Interfacial	  Warfarin	  and	  

Brodifacoum	  

Although	  both	  molecules	  possess	  an	  amphiphilic	  character,	  brodifacoum	  has	  a	  longer	  

lipophilic	  region	  as	  compared	  to	  the	  phenyl	  ring	  of	  warfarin	  (Figure	  3-‐1).	  The	  tetralin	  and	  

biphenyl	  ring	  moieties	  of	  brodifacoum	  provide	  favorable	  interactions	  with	  phospholipid	  acyl	  

chains.	  In	  Figure	  3-‐2	  (b),	  several	  brodifacoum	  molecules	  are	  observed	  to	  be	  incorporated	  within	  

the	  DPPC	  bilayer	  such	  that	  their	  lipophilic	  segments	  penetrate	  the	  hydrophobic	  core	  of	  the	  

bilayer.	  The	  oxygen	  atoms	  in	  the	  hydroxycoumarin	  moiety	  lend	  a	  polar	  character	  to	  the	  head	  

group	  common	  to	  both	  anticoagulants.	  In	  the	  case	  of	  brodifacoum,	  a	  second	  polar	  moiety	  

arises.	  Electronic	  effects	  are	  transmitted	  to	  the	  brominated	  group	  of	  brodifacoum	  through	  

conjugation	  by	  delocalized	  electrons	  in	  the	  phenyl	  rings,	  elevating	  the	  polarity	  of	  that	  group	  

through	  the	  principle	  of	  vinylogy.	  Thus,	  rather	  than	  simply	  functioning	  as	  an	  amphiphile,	  

brodifacoum	  has	  a	  bolaamphiphilic	  character.	  This	  allows	  for	  more	  than	  one	  preferred	  

orientation	  in	  the	  bilayer.	  Indeed,	  simulations	  indicate	  a	  number	  of	  dynamic	  orientation	  effects.	  
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Due	  to	  the	  larger	  hydrophobic	  region	  possessed	  by	  brodifacoum	  compared	  to	  warfarin,	  

before	  incorporation	  into	  the	  bilayer,	  brodifacoum	  tends	  to	  self-‐aggregate	  rapidly	  in	  the	  

aqueous	  phase.	  It	  forms	  micelle-‐like	  structures	  in	  an	  analogous	  fashion	  to	  surfactants,	  in	  order	  

to	  shield	  its	  hydrophobic	  portion	  from	  the	  polar	  solvent.	  When	  the	  micelle	  enters	  the	  lipid	  

bilayer,	  it	  breaks	  apart	  into	  its	  constituent	  molecules	  in	  order	  to	  interact	  with	  the	  amphiphilic	  

phospholipids.	  This	  type	  of	  behavior	  is	  well	  studied	  for	  surface-‐active	  amphiphilic	  drugs	  which	  

behave	  similarly	  to	  classical	  detergents	  [21,	  180,	  189-‐191].	  

It	  is	  clear	  from	  both	  the	  spontaneous	  simulations	  and	  the	  transfer	  free	  energy	  that	  both	  

hydroxycoumarin	  species	  will	  preferentially	  partition	  into	  the	  lipid	  bilayer.	  Closer	  examination	  

indicates	  initial	  association	  and	  subsequent	  retention	  of	  brodifacoum	  are	  mediated	  by	  directed	  

interactions	  between	  the	  amphiphilic	  superwarfarin	  and	  the	  amphiphilic	  interface.	  For	  both	  

warfarin	  and	  brodifacoum,	  association	  with	  the	  bilayer	  is	  facilitated	  by	  interactions	  between	  

the	  hydroxycoumarin	  ring	  and	  the	  charge-‐bearing	  DPPC	  head	  group.	  Both	  species	  then	  reorient	  

as	  they	  enter	  the	  interface	  to	  maintain	  this	  favorable	  interaction.	  Given	  that	  the	  length	  and	  

apolar	  tetralin-‐biphenyl	  region	  of	  brodifacoum	  mimic	  to	  some	  extent	  the	  amphiphilic	  structure	  

of	  the	  lipid	  layer,	  the	  molecule	  might	  be	  expected	  to	  intercalate	  with	  DPPC.	  However,	  the	  

brominated	  moiety	  allows	  for	  other	  possibilities.	  Normalized	  density	  profiles	  in	  Figure	  3-‐6	  

demonstrate	  the	  location	  of	  the	  brominated	  interaction	  site	  relative	  to	  the	  hydroxycoumarin	  

moiety.	  The	  brominated	  site	  is	  predominately	  located	  in	  close	  proximity	  to	  the	  

hydroxycoumarin	  rings,	  suggesting	  that	  the	  brodifacoum	  molecule	  orients	  parallel	  to	  the	  bilayer	  

interface	  rather	  than	  the	  perpendicular	  orientation	  that	  would	  indicate	  intercalation.	  Both	  the	  
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hydroxycoumarin	  rings	  and	  the	  brominated	  group	  are	  primarily	  localized	  in	  the	  polar	  regions	  of	  

the	  bilayer.	  	  

	  

	  

	  

Figure	  3-‐6:	  Normalized	  density	  profiles	  of	  the	  brodifacoum	  brominated	  (purple	  curve	  with	  
triangle	  symbols)	  and	  hydroxycoumarin	  (shaded	  green	  curve)	  groups.	  
Vertical	  dashed	  lines	  indicate	  the	  approximate	  positions	  of	  the	  DPPC	  polar	  head	  groups.	  
	  
	  
	  
	  
	  

Both	  warfarin	  and	  brodifacoum	  undergo	  dynamic	  conformational	  changes	  while	  

interacting	  with	  lipids.	  In	  the	  case	  of	  warfarin,	  rotations	  are	  observed	  about	  the	  bond	  

connecting	  the	  hydroxycoumarin	  and	  phenyl	  groups	  (colored	  red/orange	  and	  grey	  in	  Figure	  3-‐7	  

(a)	  and	  (b)).	  
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Figure	  3-‐7:	  Snapshots	  of	  two	  possible	  configurations	  for	  warfarin	  (top)	  and	  brodifacoum	  
(bottom)	  located	  within	  a	  DPPC	  bilayer	  near	  the	  polar	  choline	  (white	  spheres)	  and	  phosphate	  
(pink	  spheres).	  
Glycerol	  backbones	  and	  DPPC	  tails	  are	  hidden	  for	  clarity.	  Water	  is	  represented	  as	  blue	  solvent	  
spheres.	  Warfarin	  and	  brodifacoum	  have	  the	  same	  coloring	  as	  described	  in	  Figure	  3-‐1.	  
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When	  situated	  in	  the	  bilayer,	  brodifacoum	  has	  the	  potential	  to	  sweep	  out	  a	  large	  volume	  as	  it	  

folds	  and	  extends	  about	  the	  tetralin	  structure	  (colored	  purple	  in	  Figure	  3-‐7	  (c)	  and	  (d)).	  These	  

conformational	  changes	  alter	  the	  shape	  and	  effective	  size	  of	  brodifacoum	  such	  that	  the	  

molecule’s	  radius	  of	  gyration	  ranges	  from	  3.7	  Å	  (folded)	  to	  6.7	  Å	  (elongated).	  In	  contrast,	  

warfarin	  is	  characterized	  by	  a	  radius	  of	  gyration	  measuring	  3.4	  ±	  0.1	  Å.	  The	  folded	  configuration	  

of	  brodifacoum	  predominates,	  occurring	  14	  times	  as	  frequently	  as	  the	  elongated	  form.	  The	  

larger	  size	  and	  dynamically	  changing	  conformation	  of	  brodifacoum	  likely	  contribute	  to	  the	  

pronounced	  structural	  changes	  observed	  within	  the	  bilayer	  following	  brodifacoum	  

incorporation.	  

	  

3.4.7 Transient	  Pore	  Formation,	  Water	  Permeation	  and	  Lipid	  Flip-‐Flop	  

The	  presence	  of	  either	  warfarin	  or	  brodifacoum	  increases	  hydration	  of	  the	  simulated	  

bilayer.	  This	  is	  particularly	  evident	  in	  steered	  simulations,	  where	  water	  solvates	  the	  

hydroxycoumarin	  ring	  and	  is	  carried	  into	  the	  hydrophobic	  region	  along	  with	  the	  anticoagulant	  

molecule	  (Figure	  3-‐8).	  Much	  like	  a	  detergent	  molecule[21,	  153],	  upon	  association	  with	  the	  

bilayer,	  both	  warfarin	  and	  brodifacoum	  cause	  transient	  defects	  in	  the	  membrane	  structure.	  

Phosphate	  and	  choline	  moieties	  in	  close	  proximity	  to	  the	  hydroxycoumarin	  are	  drawn	  inward,	  

thinning	  the	  membrane	  and	  allowing	  water	  contact	  with	  the	  hydrophobic	  core.	  The	  effect	  is	  

relatively	  brief	  for	  warfarin,	  with	  rebounding	  of	  the	  phospholipid	  head	  group	  to	  restore	  the	  

structure	  of	  the	  membrane	  leaflet.	  The	  effect	  is	  prolonged	  for	  brodifacoum,	  for	  which	  

hydroxycoumarin	  ring	  solvation	  continues	  even	  as	  the	  molecule	  crosses	  the	  center	  of	  the	  

membrane.	  
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Figure	  3-‐8:	  Snapshots	  of	  brodifacoum	  travelling	  through	  the	  DPPC	  bilayer.	  
In	  the	  top	  panel,	  only	  the	  polar	  choline	  (white)	  and	  phosphate	  (pink)	  groups	  of	  DPPC	  are	  
shown	  in	  a	  solid	  surface	  representation.	  Glycerol	  backbones	  and	  DPPC	  tails	  are	  hidden	  for	  
clarity.	  In	  the	  bottom	  panel,	  all	  DPPC	  molecules	  are	  hidden	  for	  clarity.	  Water	  is	  represented	  
as	  blue	  solvent	  spheres.	  Brodifacoum	  has	  the	  same	  coloring	  as	  described	  in	  Figure	  3-‐1.	  
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Quantifying	  the	  extent	  of	  water	  permeation	  via	  the	  radial	  distribution	  function	  for	  water	  

around	  the	  DPPC	  tail	  ends,	  we	  find	  that	  brodifacoum	  admits	  to	  the	  bilayer	  more	  than	  twice	  the	  

amount	  of	  water	  that	  associates	  with	  warfarin	  (Figure	  3-‐9).	  	  

	  

	  

	  

Figure	  3-‐9:	  Radial	  distribution	  functions	  g(r)	  between	  the	  hydroxycoumarins	  and	  water	  in	  the	  
center	  of	  the	  bilayer.	  
Brodifacoum	  and	  warfarin	  are	  red	  and	  blue	  curves	  with	  square	  and	  circle	  symbols	  
respectively.	  
	  
	  
	  
	  
	  
Furthermore,	  the	  larger	  size	  of	  brodifacoum	  accompanied	  by	  the	  slight	  polarity	  of	  the	  

brominated	  group	  at	  the	  opposite	  extreme	  of	  the	  brodifacoum	  structure	  allows	  for	  water	  

ingress	  from	  the	  opposing	  leaflet	  in	  order	  to	  solvate	  that	  moiety	  (Figure	  3-‐8	  (c)).	  Thus,	  a	  

transient	  water	  pore	  is	  created.	  This	  occurs	  even	  before	  the	  molecule’s	  center-‐of-‐mass	  reaches	  
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the	  second	  leaflet	  due	  to	  the	  fact	  that	  the	  perturbation	  caused	  in	  the	  tails	  of	  the	  top	  leaflet	  by	  

the	  large	  brodifacoum	  molecule	  gets	  translated	  into	  disruption	  of	  the	  structure	  of	  the	  second	  

leaflet.	  Similar	  structural	  defects	  and	  water	  pores	  have	  been	  shown	  to	  aid	  in	  translocation	  of	  

lipids	  from	  one	  leaflet	  of	  a	  bilayer	  to	  the	  other	  (known	  as	  flip-‐flop)	  as	  well	  as	  ion	  transport	  [39,	  

192,	  193].	  The	  water	  channel	  creates	  a	  favorable	  hydrophilic	  pathway	  for	  transit	  of	  these	  

species	  through	  the	  hydrophobic	  bilayer.	  This	  phenomenon	  does	  not	  occur	  in	  simulations	  

containing	  warfarin.	  

Snapshots	  in	  Figure	  3-‐10	  show	  DPPC	  molecules	  displaced	  from	  the	  plane	  of	  their	  leaflet	  

and	  drawn	  into	  the	  hydrophobic	  core	  as	  they	  interact	  with	  brodifacoum.	  This	  is	  a	  consequence	  

of	  the	  polar	  head	  groups	  of	  DPPC	  experiencing	  strong	  van	  der	  Waals	  interactions	  with	  the	  polar	  

hydroxycoumarin	  ring	  and	  brominated	  particle.	  Electrostatic	  interactions	  also	  exist	  between	  the	  

charge-‐bearing	  particles	  of	  the	  hydroxycoumarin	  ring	  and	  the	  oppositely	  charged	  DPPC	  choline	  

particle.	  Having	  been	  displaced	  from	  the	  leaflet	  of	  origin,	  the	  DPPC	  molecule	  can	  undergo	  

end-‐over-‐end	  flipping	  to	  facilitate	  insertion	  into	  the	  opposing	  leaflet.	  Although	  lipid	  flip-‐flop	  

does	  not	  alter	  the	  bilayer	  composition	  in	  our	  model	  system	  –	  where	  the	  leaflets	  are	  identical	  –	  

real	  cell	  membranes	  have	  asymmetric	  compositions	  and	  undergo	  regulated	  transverse	  lipid	  

motion.[21,	  194-‐197]	  In	  this	  case,	  increased	  lipid	  flip-‐flop	  rates	  may	  result	  in	  function-‐altering	  

changes	  in	  leaflet	  composition.	  Consequences	  for	  membrane	  curvature	  and	  cell	  signaling	  

mechanisms	  can	  lead	  to	  cell	  death.[39-‐41]	  
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Figure	  3-‐10:	  Simulation	  snapshots	  at	  four	  time	  points	  as	  brodifacoum	  travels	  through	  the	  
DPPC	  bilayer.	  
Each	  snapshot	  illustrates	  an	  individual	  DPPC	  molecule	  pulled	  into	  the	  bilayer	  core	  by	  van	  der	  
Waals	  and	  electrostatic	  interactions	  with	  brodifacoum.	  An	  additional	  DPPC	  molecule	  is	  shown	  
in	  each	  snapshot	  to	  indicate	  the	  position	  of	  the	  other	  molecules	  in	  the	  leaflet.	  The	  rest	  of	  the	  
DPPC	  molecules	  are	  hidden	  for	  clarity.	  The	  coloring	  of	  brodifacoum	  and	  the	  DPPC	  molecules	  is	  
the	  same	  as	  in	  Figure	  3-‐1	  and	  Figure	  3-‐5	  respectively,	  with	  the	  exception	  of	  the	  orange	  
charged	  particles	  in	  brodifacoum	  with	  are	  colored	  red	  here.	  Water	  is	  depicted	  as	  blue	  solvent	  
spheres.	   	  
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3.5 Summary	  and	  Conclusion	  

Our	  molecular	  dynamics	  simulations	  of	  hydroxycoumarin	  incorporation	  in	  a	  

dipalmitoylphosphatidylcholine	  (DPPC)	  bilayer	  demonstrate	  that	  the	  physical	  structures	  and	  

chemical	  properties	  unique	  to	  brodifacoum	  and	  warfarin	  molecules	  are	  responsible	  for	  their	  

differential	  effects	  on	  the	  structure	  of	  DPPC	  bilayers.	  It	  is	  well	  established	  that	  the	  first	  stage	  of	  

destabilization	  of	  lipid	  layers	  via	  a	  detergent-‐like	  mechanism	  involves	  adsorption	  of	  the	  

extraneous	  molecules	  into	  the	  layer	  even	  at	  low	  concentrations	  [153,	  192,	  198].	  This	  leads	  to	  

perturbation	  of	  structure	  and	  formation	  of	  transient	  defects	  in	  the	  bilayer.	  Retention	  of	  such	  

molecules	  promotes	  permeability	  and	  lowers	  the	  barrier	  function	  of	  the	  bilayer	  [191].	  From	  our	  

simulations,	  we	  observed	  that	  brodifacoum	  was	  retained	  within	  and	  associated	  more	  strongly	  

with	  DPPC	  bilayers	  as	  compared	  to	  warfarin	  at	  all	  concentrations.	  This	  retention	  is	  of	  concern	  

because	  this	  molecule	  is	  known	  to	  remain	  in	  human	  bodies	  much	  longer	  than	  warfarin,	  with	  a	  

half-‐life	  of	  10	  to	  70	  days	  as	  opposed	  to	  17	  to	  37	  hours	  for	  warfarin	  [164,	  165].	  Thus,	  all	  the	  

structural	  perturbation	  effects	  we	  observed	  would	  become	  longer	  lasting	  as	  a	  result	  of	  this	  

increased	  brodifacoum	  retention,	  creating	  the	  potential	  for	  long-‐lasting	  impacts	  on	  cell	  viability.	  

Although	  both	  warfarin	  and	  brodifacoum	  induce	  changes	  in	  the	  configuration	  of	  the	  

lateral	  pressure	  profile	  by	  decreasing	  the	  repulsive	  and	  cohesive	  stresses	  at	  various	  points	  in	  

the	  bilayer,	  the	  effect	  of	  brodifacoum	  is	  more	  pronounced	  in	  the	  DPPC	  tail	  region	  as	  compared	  

to	  warfarin.	  This	  would	  consequently	  lead	  to	  diminished	  barrier	  function	  of	  the	  bilayer.	  The	  

reductions	  in	  tail	  orientational	  order	  in	  the	  presence	  of	  the	  hydroxycoumarins	  correspond	  with	  

the	  reduced	  cohesion	  observed	  in	  the	  tail	  regions	  in	  the	  lateral	  pressure	  profiles.	  This	  decrease	  

in	  order	  indicates	  that	  the	  DPPC	  tails	  have	  more	  space	  in	  which	  to	  move	  and	  can	  therefore	  
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assume	  varied	  configurations,	  changing	  the	  internal	  structure	  and	  fluidizing	  the	  bilayer.	  Our	  

results	  fall	  in	  line	  with	  microcalorimetric	  and	  fluorescence	  experimental	  observations	  that	  

hydroxycoumarin	  molecules	  decrease	  the	  enthalpy	  required	  for	  phase	  transition	  by	  fluidizing	  

DPPC	  bilayers	  [199].	  

In	  addition	  to	  fluidization	  and	  causing	  changes	  in	  the	  distribution	  of	  stresses	  in	  the	  

membrane,	  our	  MD	  simulations	  demonstrate	  that	  anticoagulant	  permeation	  can	  permit	  water	  

penetration	  and	  promote	  lipid	  flip-‐flop	  –	  both	  events	  capable	  of	  triggering	  cell	  death	  [21,	  39-‐

41].	  The	  consequences	  of	  hydroxycoumarin	  penetration	  of	  the	  bilayer	  are	  more	  pronounced	  in	  

the	  case	  of	  brodifacoum	  due	  both	  to	  its	  increased	  hydrophobicity	  and	  its	  elongated	  

bolaamphiphilic	  structure.	  Indeed,	  its	  predominately	  deprotonated	  state	  at	  physiological	  pH	  

and	  its	  similarity	  in	  length	  to	  the	  phospholipid	  constituents	  of	  the	  lipid	  bilayer	  cause	  

brodifacoum	  to	  function	  in	  a	  manner	  analogous	  to	  an	  ionic	  surfactant.	  	  

Both	  hydroxycoumarin	  molecules	  undergo	  dynamic	  conformational	  changes	  while	  

interacting	  with	  DPPC.	  In	  the	  case	  of	  warfarin,	  only	  minor	  rotations	  are	  observed	  about	  the	  

bond	  connecting	  the	  hydroxycoumarin	  and	  phenyl	  groups.	  The	  larger	  size	  and	  dynamically	  

changing	  conformation	  of	  brodifacoum	  is	  a	  major	  contribution	  to	  the	  pronounced	  structural	  

changes	  observed	  in	  the	  bilayer.	  Brodifacoum	  sweeps	  out	  a	  large	  volume	  as	  it	  folds	  and	  extends	  

about	  the	  tetralin	  structure	  in	  the	  bilayer.	  These	  conformational	  changes	  alter	  the	  shape	  and	  

effective	  size	  of	  brodifacoum	  which	  results	  in	  more	  lateral	  expansion	  and	  thinning	  of	  the	  

bilayer,	  greater	  structural	  disorder	  as	  evidenced	  by	  lateral	  pressure	  changes	  and	  lowering	  of	  the	  

lipid	  tail	  order	  parameter,	  and	  permeation	  of	  water	  deeper	  into	  the	  bilayer.	  Overall,	  there	  is	  

considerably	  more	  bilayer	  disruption	  by	  brodifacoum	  than	  by	  warfarin.	  
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As	  brodifacoum	  moves	  through	  the	  bilayer	  in	  our	  steered	  simulations,	  the	  polar	  head	  

groups	  of	  DPPC	  are	  redistributed	  and	  pulled	  inward	  to	  interact	  with	  the	  polar	  hydroxycoumarin	  

ring,	  setting	  the	  stage	  for	  end-‐over-‐end	  flipping	  of	  phospholipid	  molecules.	  Indeed,	  the	  rate	  of	  

lipid	  flip-‐flop	  has	  been	  shown	  to	  be	  increased	  by	  amphiphilic	  drug	  molecules	  [21,	  192,	  195-‐197].	  

We	  observed	  that	  this	  inward	  pulling	  of	  DPPC	  head	  groups	  creates	  a	  large	  hole	  and	  allows	  more	  

water	  to	  enter	  the	  hydrophobic	  core	  of	  the	  bilayer.	  In	  fact,	  water	  does	  not	  only	  enter	  from	  the	  

hole	  in	  the	  leaflet	  through	  which	  brodifacoum	  entered,	  we	  also	  observe	  water	  moving	  up	  

through	  the	  opposite	  leaflet	  to	  meet	  brodifacoum	  in	  the	  hydrophobic	  core,	  creating	  a	  transient	  

water	  pore.	  This	  phenomenon	  does	  not	  occur	  in	  simulations	  containing	  warfarin.	  	  

Finally,	  we	  observe	  that	  the	  DPPC	  choline	  particles	  (white	  spheres	  in	  Figure	  3-‐8)	  in	  the	  

vicinity	  of	  the	  penetrating	  brodifacoum	  molecule	  flip	  toward	  the	  interior	  of	  the	  membrane	  

whereas	  the	  choline	  groups	  farther	  away	  flip	  out	  towards	  the	  water.	  That	  is,	  brodifacoum	  

induces	  not	  only	  local	  perturbation	  and	  creates	  a	  hole	  in	  the	  leaflet,	  clearly	  seen	  in	  Figure	  3-‐8	  

(a)	  and	  (b),	  but	  a	  concomitant	  change	  in	  the	  choline	  groups	  farther	  out	  in	  the	  bilayer.	  This	  leads	  

to	  a	  ripple	  of	  effects	  in	  the	  rest	  of	  the	  bilayer.	  

Using	  equilibrium	  and	  steered	  molecular	  dynamics	  simulations,	  we	  have	  been	  able	  to	  

show	  that	  hydroxycoumarins	  disrupt	  membrane	  barrier	  function	  by	  accumulation	  within	  and	  

transit	  through	  the	  lipid	  bilayer.	  The	  detailed	  mechanisms	  by	  which	  warfarin	  and	  brodifacoum	  

disrupt	  a	  lipid	  membrane	  have	  been	  revealed	  by	  elucidating	  the	  molecular	  phenomena	  that	  

may	  underlie	  their	  differential	  cytotoxicity.	  The	  increased	  disruption	  in	  the	  structure	  and	  

dynamics	  of	  cell	  membranes	  induced	  by	  brodifacoum,	  if	  accompanied	  by	  uncontrolled	  flux	  of	  
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ions	  and	  other	  small	  molecules,	  would	  dysregulate	  the	  delicate	  homeostatic	  balance	  necessary	  

to	  maintain	  cell	  health.	   	  
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4. CONSCIOUSNESS	  IMPAIRMENT	  BY	  AN	  ENDOGENOUS	  METABOLITE	  

4.1 Introduction	  

Diabetes	  is	  one	  of	  the	  most	  prevalent	  diseases	  in	  the	  industrialized	  world,	  affecting	  nearly	  

30	  million	  people	  in	  the	  United	  States,	  with	  a	  further	  nearly	  90	  million	  individuals	  qualifying	  as	  

prediabetic	  [200].	  As	  insulin	  is	  implicated	  in	  the	  proper	  functioning	  of	  most	  organs	  and	  tissues,	  

the	  complications	  of	  diabetes	  can	  be	  fatal.	  Complications	  range	  from	  heart	  disease	  to	  blindness	  

and	  kidney	  failure	  [201].	  Neurological	  consequences	  also	  arise	  [45,	  202].	  Diabetes,	  along	  with	  

other	  metabolic	  diseases,	  can	  lead	  to	  symptoms	  of	  impaired	  consciousness	  including	  dizziness,	  

confusion	  and	  even	  coma	  [44,	  45,	  203].	  	  

While	  diabetes	  is	  a	  disease	  of	  the	  pancreas,	  its	  symptoms	  of	  consciousness	  impairment	  

are	  shared	  by	  other	  disorders,	  such	  as	  acute	  liver	  failure	  and	  renal	  disease.	  The	  link	  between	  

abdominal	  disease	  and	  neurological	  dysfunction	  is	  not	  altogether	  clear	  since	  these	  disorders	  

impact	  different	  organs	  and	  thus	  alter	  different	  metabolic	  pathways;	  however,	  they	  affect	  the	  

brain	  similarly.	  What	  they	  have	  in	  common	  is	  a	  deranged	  balance	  of	  physiological	  

concentrations	  of	  endogenous	  metabolites	  [46,	  48,	  204-‐206].	  When	  organs	  such	  as	  the	  kidneys,	  

liver,	  and	  pancreas	  function	  incorrectly,	  the	  result	  is	  an	  elevation	  of	  particular	  species	  in	  the	  

blood.	  Changes	  in	  these	  blood	  levels	  correlate	  with	  physiological	  consequences	  observed	  in	  

organs	  such	  as	  the	  brain,	  which	  is	  far	  removed	  from	  the	  abdomen.	  It	  has	  been	  postulated	  that	  

elevated	  concentrations	  of	  certain	  metabolites	  in	  the	  bloodstream	  may	  contribute	  to	  

neurological	  dysfunction	  via	  a	  non-‐specific	  interaction	  of	  these	  species	  with	  neuronal	  cell	  

membranes	  [51,	  203].	  
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Metabolites	  that	  correlate	  with	  impaired	  consciousness	  subsequent	  to	  metabolic	  disease	  

are	  characterized	  by	  a	  broad	  range	  of	  physicochemical	  characteristics.	  Some	  are	  acids,	  some	  

bases;	  some	  bear	  a	  charge	  at	  physiological	  pH,	  while	  others	  do	  not.	  They	  have	  varying	  degrees	  

of	  lipophilicity,	  different	  sizes	  and	  chemical	  functional	  groups.	  Hence	  a	  non-‐specific	  mechanism	  

of	  action	  is	  more	  plausible	  than	  a	  receptor-‐mediated	  phenomenon.	  Indeed,	  the	  impairment	  of	  

consciousness	  via	  membrane	  absorption	  of	  small	  molecules	  has	  regained	  favor	  as	  a	  mechanism	  

of	  action	  for	  general	  anesthetics,	  which	  are	  compounds	  specifically	  employed	  to	  alter	  

consciousness	  [17,	  207].	  Furthermore,	  a	  recent	  report	  [51]	  demonstrates	  that	  lipid	  interfaces	  

respond	  to	  the	  presence	  of	  a	  diabetes-‐associated	  metabolite	  in	  a	  similar	  fashion.	  Hsu	  et	  al.	  

reported	  melting	  point	  depression	  and	  changes	  in	  morphology	  of	  a	  Langmuir	  monolayer	  upon	  

absorption	  of	  beta-‐hydroxybutyric	  acid	  (BHB),	  a	  ketone	  whose	  concentration	  in	  blood	  is	  

elevated	  in	  diabetic	  ketoacidosis.	  Bulk	  properties	  of	  the	  monolayer	  were	  demonstrably	  and	  

concentration-‐dependently	  altered	  by	  incorporation	  of	  the	  metabolite	  –	  with	  clinically	  relevant	  

concentrations	  producing	  a	  doubling	  of	  surface	  pressure.	  

We	  report	  here	  a	  molecular	  dynamics	  study	  of	  the	  interaction	  of	  BHB	  with	  a	  phospholipid	  

bilayer	  and	  expand	  upon	  the	  molecular	  scale	  consequences	  of	  non-‐specific	  absorption	  of	  this	  

metabolite	  into	  cell	  membranes.	  	  We	  confirm	  the	  observed	  concentration-‐dependent	  nature	  of	  

changes	  in	  the	  properties	  of	  a	  dipalmitoylphosphatidylcholine	  (DPPC)	  membrane	  exposed	  to	  

BHB.	  In	  our	  simulations,	  changes	  in	  the	  bilayer	  structure	  are	  observed	  to	  be	  initiated	  at	  low	  

interfacial	  concentrations	  of	  this	  small	  metabolite.	  We	  find	  that	  as	  metabolite	  concentration	  

increases,	  further	  changes	  are	  observed	  in	  morphological	  and	  mechanical	  properties	  including	  

lipid	  tail	  order	  parameters,	  area	  per	  lipid,	  lateral	  pressure	  and	  apparent	  modulus	  of	  
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compressibility.	  We	  find	  that	  a	  step	  change	  in	  these	  properties	  is	  observed	  at	  a	  threshold	  

metabolite	  concentration.	  We	  propose	  that	  this	  may	  correspond	  to	  the	  clinically	  assessed	  

transition	  between	  asymptomatic	  and	  symptomatic	  ketoacidosis	  [48,	  206,	  208,	  209].	  

Furthermore,	  we	  relate	  our	  observed	  membrane	  response	  to	  BHB	  absorption	  to	  the	  similar	  

behavior	  observed	  by	  others	  to	  result	  from	  membrane	  uptake	  of	  anesthetics	  [20,	  26,	  140,	  159,	  

210].	   	  
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4.2 Coarse-‐Graining	  a	  Tiny	  Metabolite	  

Coarse-‐grained	  molecular	  dynamics	  simulations	  of	  DPPC	  bilayers	  in	  water	  were	  

employed	  to	  examine	  the	  molecular	  level	  causes	  of	  the	  bulk	  properties	  observed	  in	  the	  

experimental	  Langmuir	  monolayer	  study	  by	  Hsu	  et	  al.	  [51].	  The	  MARTINI	  coarse-‐graining	  

approach	  and	  force	  field	  [79,	  80]	  was	  employed	  to	  create	  the	  molecular	  topologies	  and	  to	  study	  

the	  interactions	  of	  BHB	  with	  the	  DPPC	  bilayer.	  The	  DPPC	  and	  water	  geometries	  were	  

downloaded	  from	  the	  MARTINI	  website	  (http://md.chem.rug.nl/cgmartini/).	  No	  topology	  for	  

BHB	  currently	  exists;	  therefore	  we	  created	  a	  coarse-‐grained	  representation	  of	  the	  metabolite	  

using	  the	  methods	  described	  in	  Section	  2.4.	  This	  configuration	  is	  based	  on	  the	  centers-‐of-‐mass	  

of	  the	  heavy	  atoms	  (Figure	  4-‐1).	  We	  found	  it	  essential	  to	  use	  a	  three-‐site	  model;	  although	  BHB	  

contains	  only	  7	  heavy	  atoms,	  no	  two-‐site	  model	  allowed	  for	  the	  correct	  reproduction	  of	  the	  

octanol/water	  partition	  coefficient.	  

The	  BHB	  model	  was	  built	  from	  the	  available	  MARTINI	  interaction	  types.	  The	  carboxylic	  

acid	  group	  was	  represented	  by	  a	  polar	  SP3	  interaction	  site,	  whereas	  the	  hydroxyl	  and	  associated	  

carbon	  atoms	  were	  represented	  by	  two	  SNda	  MARTINI	  groups	  to	  characterize	  the	  hydrogen	  

bonding	  capability	  of	  the	  molecule.	  The	  equilibrium	  bond	  lengths	  and	  angles	  for	  the	  BHB	  

molecule	  were	  selected	  to	  preserve	  the	  underlying	  geometry	  and	  molecule	  size.	  
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Figure	  4-‐1:	  BHB	  structure	  (carbon-‐cyan,	  oxygen-‐red,	  hydrogen-‐white)	  overlaid	  with	  brown	  
coarse-‐grained	  representation	  
	  
	  
	  
	  
	  

This	  model	  was	  validated	  by	  reproducing	  the	  octanol/water	  partition	  coefficient	  using	  

the	  BAR	  free	  energy	  difference	  method	  implemented	  in	  the	  Gromacs	  software	  package	  (details	  

in	  Section	  2.4.5).	  We	  estimated	  a	  partition	  coefficient	  (logPoct/wat)	  of	  -‐1.43	  ±	  0.17	  from	  the	  free	  

energy	  difference	  between	  BHB	  in	  water	  and	  in	  water-‐saturated	  octanol.	  This	  value	  is	  

comparable	  to	  the	  logPoct/wat	  value	  of	  -‐1.14	  ±	  0.21	  predicted	  by	  the	  Advanced	  Chemistry	  

Development,	  Inc.	  (ACD/Labs)	  ACD/PhysChem	  Suite	  logP	  prediction	  module	  used	  by	  the	  

ChemSpider	  chemical	  structure	  database	  [211].	  As	  this	  prediction	  module	  is	  based	  on	  empirical	  

parameters	  obtained	  by	  fitting	  to	  a	  large	  octanol/water	  partition	  coefficient	  database,	  our	  

simulated	  logP	  value	  is	  consistent	  with	  known	  structural	  correlations	  of	  a	  whole	  body	  of	  

experimental	  partition	  coefficients.	  

	  

4.3 Simulation	  System	  

Equilibrium	  MD	  simulations	  were	  performed	  using	  software	  described	  in	  Section	  2.5.	  Each	  

simulation	  system	  consisted	  of	  a	  DPPC	  bilayer	  containing	  400	  lipids	  in	  each	  leaflet.	  The	  
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simulation	  box	  was	  structured	  such	  that	  a	  water	  slab	  was	  central	  and	  the	  two	  DPPC	  monolayer	  

leaflets	  constituting	  the	  bilayer	  interacted	  with	  each	  other	  across	  the	  periodic	  boundaries	  at	  

the	  top	  and	  bottom	  of	  the	  box.	  The	  polar	  head	  groups	  of	  this	  bilayer	  were	  solvated	  by	  11,000	  

coarse-‐grained	  water	  particles	  (Figure	  4-‐2).	  Eight	  systems	  containing	  various	  initial	  

concentrations	  of	  BHB	  were	  constructed,	  resulting	  in	  BHB	  interfacial	  mol%	  ranging	  from	  of	  1	  to	  

20.	  These	  results	  are	  compared	  to	  a	  reference	  bare	  DPPC	  bilayer	  in	  water.	  BHB	  molecules	  

become	  spontaneously	  incorporated	  into	  the	  bilayers	  over	  the	  course	  of	  the	  simulation.	  

	  

	  

	  

Figure	  4-‐2:	  Snapshot	  of	  equilibrated	  DPPC	  bilayer	  in	  water	  containing	  7	  mol%	  BHB.	  
Water	  is	  shown	  in	  blue,	  DPPC	  head	  groups	  in	  white,	  glycerol	  backbone	  in	  green,	  DPPC	  tails	  in	  
yellow	  with	  terminal	  orange	  sites,	  BHB	  carboxylic	  acid	  in	  purple,	  and	  hydroxyl	  groups	  in	  red.	  
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The	  general	  methods	  used	  in	  the	  simulations	  are	  described	  in	  Section	  2.5.	  For	  this	  specific	  

study	  in	  particular,	  we	  used	  an	  integration	  time	  step	  of	  10	  fs	  to	  improve	  the	  stability	  of	  the	  

simulations	  because	  of	  short	  bond	  lengths	  in	  the	  BHB	  model.	  An	  isothermal-‐isobaric	  (NPT)	  

ensemble	  was	  used	  which	  allowed	  the	  volume	  (and	  hence	  the	  cross	  sectional	  area)	  of	  the	  

system	  to	  fluctuate	  freely.	  Each	  component	  of	  the	  system	  was	  coupled	  separately	  to	  a	  

temperature	  bath	  using	  a	  Berendsen	  thermostat	  [127]	  with	  a	  coupling	  constant	  of	  1.5	  ps.	  A	  

separate	  semi-‐isotropic	  Berendsen	  barostat	  was	  applied	  to	  each	  component	  to	  maintain	  the	  

system	  pressure	  at	  1	  atm	  with	  a	  coupling	  constant	  of	  5	  ps.	  Semi-‐isotropic	  coupling	  was	  used	  to	  

maintain	  a	  tensionless	  membrane.	  The	  simulations	  were	  each	  run	  for	  1	  μs	  with	  the	  last	  500	  ns	  

used	  as	  the	  production	  run	  for	  data	  analysis.	  [It	  is	  important	  to	  note	  here	  that	  the	  Berendsen	  

barostat	  used	  in	  this	  example	  did	  not	  reproduce	  the	  correct	  surface	  area	  for	  a	  bare	  DPPC	  

bilayer	  at	  323	  K,	  although	  it	  allowed	  the	  system	  to	  approach	  equilibrium	  smoothly	  and	  quickly.	  

We	  are	  currently	  performing	  subsequent	  simulations	  using	  a	  Parrinello-‐Rahman	  barostat	  and	  

Nosé-‐Hoover	  thermostat	  to	  maintain	  a	  canonical	  ensemble	  and	  provide	  better	  estimates	  of	  the	  

bilayer	  properties	  at	  equilibrium.	  The	  results	  presented	  here	  are	  from	  systems	  using	  Berendsen	  

coupling	  protocols	  only.	  However,	  we	  expect	  to	  observe	  similar	  trends	  in	  the	  effects	  of	  BHB	  on	  

the	  bilayer	  properties	  by	  using	  Parrinello-‐Rahman	  pressure	  and	  Nosé-‐Hoover	  temperature	  

coupling.]	   	  
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4.4 Simulation	  Results	  

In	  order	  to	  understand	  the	  molecular	  level	  mechanisms	  underlying	  the	  Langmuir-‐Blodgett	  

minitrough	  observations	  of	  Hsu	  et	  al.	  [51],	  we	  interrogate	  our	  coarse-‐grained	  representation	  of	  

the	  system	  to	  gain	  insights	  that	  can	  be	  provided	  by	  molecular	  dynamics	  simulations.	  Our	  

simulations	  were	  initialized	  with	  the	  same	  number	  of	  phospholipids	  and	  water	  but	  different	  

initial	  amounts	  of	  BHB.	  At	  equilibrium	  varying,	  concentrations	  of	  BHB	  were	  found	  to	  associate	  

with	  the	  interface	  (averages	  shown	  in	  Table	  4-‐1).	  Results	  are	  presented	  on	  the	  basis	  of	  these	  

average	  interfacial	  concentrations	  of	  BHB	  over	  the	  course	  of	  the	  500	  ns	  production	  run.	  

TABLE	  4-‐1:	  AVERAGE	  INTERFACIAL	  CONCENTRATIONS	  OF	  BHB	  
Initial	  Aqueous	  Amount	  of	  

BHB	  	  (#	  of	  Molecules)	  
Equilibrium	  Interfacial	  
Concentration	  (mol	  %)	  

16	   1	  
48	   2	  
80	   3	  
120	   5	  
160	   7	  
320	   12	  
480	   15	  
800	   20	  

	  
	  
	  
	  
	  

4.4.1 Structural	  Changes	  in	  the	  Phospholipid	  Bilayer	  in	  the	  Presence	  of	  Beta-‐hydroxybutyric	  

Acid	  

The	  concomitant	  effects	  of	  introducing	  BHB	  into	  our	  simulations	  and	  increasing	  its	  

concentration	  in	  the	  aqueous	  phase	  include	  a	  change	  in	  the	  phospholipid	  density	  and	  lateral	  
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expansion	  of	  the	  phospholipid	  membrane.	  A	  measure	  of	  this	  expansion	  is	  the	  average	  area	  per	  

lipid	  (shown	  in	  Figure	  4-‐3	  (top)).	  

	  

	  

	   	  

	  

Figure	  4-‐3:	  Average	  cross-‐sectional	  area	  per	  molecule	  (top)	  and	  water	  concentration	  (bottom)	  
in	  DPPC	  bilayer	  as	  a	  function	  of	  BHB	  concentration.	  Error	  bars	  are	  located	  within	  each	  data	  
point.	  
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A	  non-‐monotonic	  change	  in	  area	  per	  lipid	  with	  increasing	  BHB	  concentration	  is	  

observed,	  that	  is,	  negligible	  change	  in	  area	  per	  lipid	  at	  low	  BHB	  concentrations,	  until	  5	  mol%,	  at	  

which	  point	  the	  area	  per	  lipid	  rises	  sharply.	  An	  increase	  in	  molecular	  area	  with	  increasing	  BHB	  

concentration	  is	  consistent	  with	  the	  results	  of	  Langmuir-‐Blodgett	  trough	  experiments	  by	  Hsu	  et	  

al.	  The	  lateral	  expansion	  of	  the	  phospholipid	  bilayer	  is	  accompanied	  by	  water	  penetration	  

farther	  into	  the	  membrane.	  This	  is	  seen	  in	  Figure	  4-‐3	  (bottom).	  With	  increasing	  BHB	  

concentration,	  the	  number	  of	  water	  molecules	  found	  within	  the	  DPPC	  bilayer	  (in	  the	  interior	  of	  

the	  membrane,	  past	  the	  DPPC	  head	  groups)	  is	  seen	  to	  follow	  a	  similar	  trend	  to	  that	  observed	  in	  

area	  per	  lipid	  changes.	  

A	  further	  structural	  change	  we	  observe	  is	  a	  change	  in	  the	  stress	  distribution	  of	  the	  

membrane.	  A	  measure	  of	  this	  is	  the	  mean	  lateral	  pressure	  across	  the	  membrane.	  The	  effect	  of	  

BHB	  on	  the	  mean	  lateral	  pressure	  is	  shown	  in	  Figure	  4-‐4.	  We	  observed	  that	  at	  5	  mol%,	  the	  

mean	  lateral	  pressure	  of	  the	  phospholipid	  layer	  is	  more	  than	  doubled	  and	  continues	  to	  increase	  

with	  higher	  concentrations	  of	  BHB.	  In	  additionally,	  a	  change	  is	  observed	  in	  the	  orientation	  of	  

the	  phospholipid	  head	  groups.	  A	  measure	  of	  this	  average	  orientation	  is	  given	  by	  the	  average	  tilt	  

angle	  for	  the	  phosphate-‐to-‐choline	  vector	  (P-‐N	  bond)	  away	  from	  the	  bilayer	  normal.	  (This	  is	  

shown	  in	  Figure	  4-‐5).	  
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Figure	  4-‐4:	  Effect	  of	  BHB	  on	  mean	  lateral	  pressure	  across	  DPPC	  bilayer.	  Error	  bars	  are	  located	  
within	  each	  data	  point.	  
	  
	  
	  
	  
	  

The	  tilt	  angle	  initially	  non-‐monotonically	  decreases	  with	  increasing	  BHB	  concentration,	  

indicating	  that	  the	  phospholipid	  head	  groups,	  which	  in	  the	  absence	  of	  BHB	  are	  nearly	  parallel	  to	  

the	  interface,	  tend	  to	  tilt	  upwards	  toward	  the	  normal	  with	  increasing	  BHB	  concentration.	  This	  

decrease	  in	  the	  head	  group	  tilt	  angle	  may	  be	  caused	  by	  BHB	  molecules	  inserting	  themselves	  

between	  the	  phospholipid	  head	  groups	  causing	  the	  choline	  to	  tilt	  outwards	  into	  water	  to	  make	  

room	  for	  BHB.	  At	  5	  mol%	  once	  again,	  the	  trend	  changes	  as	  the	  tilt	  angle	  shoots	  up	  to	  81.2°	  (a	  

value	  higher	  than	  the	  tilt	  angle	  observed	  in	  the	  reference	  bare	  bilayer),	  before	  slowly	  

decreasing	  again	  with	  increasing	  BHB	  concentration.	  The	  tilt	  angle	  does	  not	  appear	  to	  return	  to	  

the	  initial	  value	  at	  these	  higher	  BHB	  concentrations,	  but	  remains	  elevated,	  possibly	  indicating	  a	  

persistent	  change	  in	  the	  packing	  and	  interactions	  between	  phospholipid	  molecules.	  
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Figure	  4-‐5:	  Average	  angle	  formed	  between	  the	  P-‐N	  (phosphate	  to	  choline)	  vector	  and	  the	  
interface	  normal	  at	  different	  BHB	  concentrations.	  
	  
	  
	  
	  
	  

The	  effects	  of	  BHB	  are	  not	  limited	  to	  the	  phospholipid	  head	  group	  region	  only;	  we	  

observe	  a	  change	  in	  the	  orientation	  and	  alignment	  of	  the	  DPPC	  tails	  as	  well.	  This	  is	  measured	  by	  

the	  order	  parameter,	  depicted	  in	  Figure	  4-‐6.	  	  
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Figure	  4-‐6:	  Coarse-‐grained	  order	  parameter	  profiles	  calculated	  along	  the	  bonds	  (vectors)	  
connecting	  CG	  sites	  constituting	  DPPC	  tails	  for	  different	  BHB	  concentrations.	  
	  
	  
	  
	  
	  
Here,	  the	  presence	  of	  BHB	  at	  concentrations	  below	  5	  mol%	  has	  little	  effect	  on	  the	  order	  

parameter.	  However,	  at	  higher	  concentrations,	  the	  order	  parameter	  decreases	  considerably,	  

indicating	  that	  the	  phospholipid	  tails	  become	  more	  disordered.	  The	  orientational	  order	  of	  

phospholipid	  tails	  relates	  to	  the	  packing	  and	  fluidity	  of	  the	  membrane,	  with	  lower	  order	  

implying	  looser	  packing	  and	  greater	  fluidity.	  

	  

4.4.2 Distribution	  and	  Orientation	  of	  Beta-‐hydroxybutyric	  Acid	  

Our	  simulations	  indicate	  that	  the	  majority	  of	  BHB	  molecules	  reside	  near	  the	  

phospholipid	  head	  groups	  and	  do	  not	  penetrate	  into	  the	  tail	  region	  of	  the	  membrane.	  This	  can	  

be	  observed	  both	  in	  the	  simulation	  snapshot	  in	  Figure	  4-‐2	  as	  well	  as	  in	  the	  density	  plots	  in	  

Figure	  4-‐7.	  These	  normalized	  mass	  density	  plots	  show	  the	  relative	  positions	  of	  all	  the	  species	  in	  
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a	  system	  containing	  1	  mol%	  BHB;	  they	  indicate	  that	  the	  majority	  of	  BHB	  molecules	  reside	  near	  

the	  phospholipid	  head	  groups	  in	  the	  bilayer	  and	  close	  to	  the	  water	  phase.	  

	  

	  

	  

Figure	  4-‐7:	  Normalized	  mass	  density	  distribution	  of	  DPPC	  bilayer	  containing	  1	  mol%	  BHB.	  
	  
	  
	  
	  
	  

Simulation	  snapshots	  reveal	  that	  when	  interacting	  with	  phospholipids,	  BHB	  assumes	  

specific	  orientations	  with	  respect	  to	  the	  normal	  to	  the	  interface	  depending	  on	  concentration.	  A	  

measure	  of	  this	  orientation	  is	  the	  angle	  between	  the	  interface	  normal	  and	  the	  vector	  

connecting	  the	  carboxyl	  group	  to	  the	  terminal	  hydroxyl	  group	  in	  the	  CG	  representation	  of	  BHB	  

(Figure	  4-‐1).	  
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Figure	  4-‐8:	  Comparison	  of	  the	  distributions	  of	  tilt	  angle	  between	  the	  interface	  normal	  and	  a	  
vector	  connecting	  the	  carboxyl	  group	  to	  the	  terminal	  hydroxyl	  group	  of	  BHB	  embedded	  in	  
DPPC	  membrane.	  
Overlaid:	  approximate	  orientations	  of	  BHB	  in	  relation	  to	  bilayer	  at	  various	  angles	  (not	  drawn	  
to	  scale).	  
	  
	  
	  
	  
	  
Distributions	  of	  tilt	  angle	  between	  the	  interface	  normal	  and	  the	  BHB	  carboxyl-‐hydroxyl	  vector	  

of	  molecules	  embedded	  in	  DPPC	  membranes	  are	  shown	  in	  Figure	  4-‐8.	  These	  distributions	  show	  

a	  preference	  for	  larger	  tilt	  angles	  (peak	  at	  approximately	  160	  degrees),	  indicating	  the	  vector	  

connecting	  the	  carboxyl	  group	  to	  the	  terminal	  hydroxyl	  group	  of	  BHB	  molecules	  lies	  virtually	  
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anti-‐parallel	  to	  the	  interface	  normal.	  The	  preference	  for	  larger	  tilt	  angles	  for	  BHB	  suggests	  a	  

preferential	  specific	  interaction	  with	  the	  phospholipid	  molecule.	  Concentrations	  below	  5	  mol%	  

appear	  to	  have	  a	  narrower	  distribution	  of	  BHB	  tilt	  angles	  possibly	  indicating	  that	  these	  smaller	  

concentrations	  experience	  more	  confined	  or	  restricted	  environments.	  

Since	  BHB	  appears	  to	  have	  a	  preferred	  location	  and	  orientation	  within	  the	  bilayer,	  we	  

investigated	  if	  interactions	  between	  BHB	  molecules	  play	  a	  role	  in	  the	  observed	  step	  function	  

phenomena.	  We	  show	  the	  BHB-‐BHB	  pair	  radial	  distribution	  functions	  –	  g(r)	  (the	  probability	  of	  

finding	  a	  second	  BHB	  molecule	  at	  a	  distance	  r	  from	  a	  BHB	  molecule)	  in	  Figure	  4-‐9	  at	  various	  

concentrations.	  From	  these	  bimolecular	  distributions	  of	  BHB	  we	  observed	  no	  appreciable	  

differences	  with	  increasing	  concentration	  of	  BHB.	  Ignore	  the	  plot	  for	  1	  mol%,	  which	  appears	  to	  

indicate	  that	  fewer	  BHB	  molecules	  would	  be	  found	  within	  4.7	  Å	  of	  other	  molecules;	  this	  

perceived	  lower	  radial	  distribution	  is	  due	  to	  poor	  sampling	  at	  this	  low	  concentration.	  Since,	  

BHB-‐BHB	  radial	  distribution	  functions	  do	  not	  show	  any	  steep	  changes	  with	  concentration,	  we	  

can	  rule	  out	  specific	  BHB-‐BHB	  interactions	  as	  the	  driving	  mechanism	  for	  the	  phenomenon	  of	  a	  

step	  change	  in	  properties	  observed	  at	  5	  mol%	  BHB.	  
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Figure	  4-‐9:	  BHB	  pair	  radial	  distribution	  functions	  for	  various	  BHB	  concentrations.	  
	  
	  
	  
	  
	  

4.4.3 Local	  Effects	  of	  Beta-‐hydroxybutyric	  Acid	  in	  Phospholipid	  Bilayers	  

Up	  to	  this	  point,	  we	  have	  considered	  only	  the	  average	  membrane	  properties	  in	  the	  

presence	  of	  BHB.	  The	  results	  indicate	  that	  increasing	  concentrations	  of	  BHB	  results	  in	  structural	  

and	  dynamical	  changes	  over	  the	  whole	  interface.	  We	  also	  observe	  that	  most	  properties	  change	  

dramatically	  at	  and	  above	  a	  BHB	  interfacial	  concentration	  of	  5	  mol%.	  We	  now	  ask	  the	  question:	  

Are	  there	  any	  phospholipid	  characteristics	  that	  are	  changed	  by	  the	  local	  presence	  of	  one	  or	  

more	  BHB	  molecules?	  To	  answer	  this,	  we	  look	  at	  properties	  of	  specific	  molecules	  or	  groups	  of	  

molecules.	  
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First,	  we	  observe	  the	  diffusion	  dynamics	  of	  BHB	  at	  the	  interface.	  Do	  the	  BHB	  molecules	  

interact	  with	  the	  same	  set	  of	  phospholipid	  molecules	  over	  time	  while	  in	  the	  bilayer	  or	  do	  they	  

“travel”	  around?	  	  In	  Figure	  4-‐10	  we	  plot	  the	  random	  walks	  of	  single	  BHB	  molecules	  for	  a	  

particular	  MD	  run	  for	  a	  system	  with	  a	  lower	  interfacial	  concentration	  of	  BHB	  (3	  mol%)	  and	  

compare	  this	  with	  that	  of	  single	  BHB	  molecules	  for	  a	  system	  with	  a	  higher	  concentration	  of	  BHB	  

(7	  mol%).	  We	  note	  that	  at	  lower	  concentrations,	  the	  BHB	  molecules	  explore	  rather	  limited	  

areas,	  whereas	  they	  explore	  a	  much	  larger	  surface	  area	  at	  the	  higher	  concentration.	  

	  

	  

	  

Figure	  4-‐10:	  Random	  walk	  trajectories	  of	  several	  BHB	  molecules	  in	  DPPC	  bilayers	  at	  interfacial	  
concentrations	  of	  3	  mol%	  (left)	  and	  7	  mol%	  (right).	  Each	  molecule	  trajectory	  is	  shown	  in	  a	  
different	  color.	  
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Finally,	  we	  interrogate	  our	  bilayer	  cross	  section	  to	  understand	  the	  effects	  of	  differential	  BHB	  

diffusion	  on	  the	  phospholipids.	  Measures	  of	  this	  are	  spatially	  resolved	  two-‐dimensional	  (2D)	  

maps	  of	  phospholipid	  properties.	  In	  Figure	  4-‐11,	  we	  show	  the	  spatial	  mapping	  of	  the	  order	  

parameters	  of	  DPPC	  tail	  bonds.	  

	  

	  

	  

Figure	  4-‐11:	  Spatially	  resolved	  and	  time	  averaged	  2D	  order	  parameter	  maps	  for	  DPPC	  
membranes	  at	  BHB	  concentrations	  of	  zero	  (left),	  3	  mol%	  (middle)	  and	  7	  mol%	  (right).	  
Each	  polygon	  represents	  one	  DPPC	  molecule	  with	  color	  scale	  indicating	  degree	  of	  order.	  
Instantaneous	  positions	  of	  BHB	  molecules	  at	  each	  time	  point	  are	  overlaid	  as	  black	  dots.	  
	  
	  
	  
	  
	  
These	  color-‐coded	  2D	  plots	  show	  the	  order	  parameter	  (tilt	  angle)	  of	  bond	  number	  3	  in	  the	  sn-‐1	  

acyl	  tail	  (see	  bond	  numbering	  on	  DPPC	  molecule	  in	  Figure	  4-‐6)	  of	  all	  the	  phospholipids	  in	  one	  

leaflet	  of	  the	  membrane,	  averaged	  over	  time.	  (Similar	  results	  are	  produced	  irrespective	  of	  
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which	  bond	  is	  chosen.)	  Darker	  colors	  indicate	  greater	  disorder	  and	  lighter	  colors	  show	  bonds	  

that	  are	  more	  aligned	  with	  the	  membrane	  normal.	  Each	  polygon	  represents	  the	  time-‐averaged	  

order	  parameter	  of	  the	  sn-‐1	  bond	  #3	  of	  one	  DPPC	  molecule.	  The	  instantaneous	  positions	  of	  

BHB	  molecules	  at	  every	  time	  point	  are	  overlaid	  as	  black	  dots.	  These	  BHB	  positions	  are	  not	  

averaged	  over	  time.	  

By	  disaggregating	  the	  average	  properties	  of	  the	  system,	  we	  find	  localized	  structural	  

changes	  in	  the	  bilayer.	  In	  the	  2D	  grid	  display	  in	  Figure	  4-‐11,	  we	  illustrate	  that	  changes	  in	  the	  

local	  order	  parameter	  are	  not	  homogeneous.	  In	  fact,	  we	  observe	  that	  lower	  concentrations	  of	  

BHB	  stimulate	  small,	  localized	  regions	  of	  disorder;	  these	  grow	  in	  area	  with	  increasing	  BHB	  

concentration.	  At	  higher	  concentrations,	  the	  regions	  of	  disorder	  coalesce	  into	  larger	  areas	  and	  

expand	  to	  include	  the	  entire	  membrane.	  At	  the	  threshold	  concentration	  of	  3	  mol%	  above	  which	  

many	  properties	  of	  the	  membrane	  change	  dramatically,	  the	  disordering	  effect	  corresponds	  to	  

an	  area	  that	  covers	  about	  15%	  of	  the	  interface.	  We	  have	  seen	  in	  Figures	  Figure	  4-‐3	  to	  Figure	  4-‐6	  

that	  several	  average	  characteristics	  of	  the	  phospholipid	  bilayer	  exhibit	  this	  threshold	  

phenomenon	  (step	  function)	  with	  respect	  to	  BHB	  concentration;	  i.e.,	  the	  changes	  are	  small	  at	  

lower	  concentrations	  and	  then	  a	  sudden	  jump	  to	  more	  pronounced	  values	  at	  a	  particular	  

concentration,	  then	  only	  slight	  changes	  with	  further	  concentration	  increases.	  We	  find	  in	  Figure	  

4-‐11	  that	  looking	  at	  the	  localized	  structural	  changes	  engendered	  by	  individual	  BHB	  molecules	  

leads	  to	  a	  better	  understanding	  of	  the	  step	  function	  behavior,	  the	  eventual	  coalescence	  of	  ever-‐

widening	  areas	  of	  influence	  of	  BHB	  molecules	  with	  increasing	  concentration	  at	  the	  interface.	  
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4.5 Discussion	  and	  Conclusion	  

When	  BHB	  interacts	  with	  the	  phospholipid	  membrane,	  it	  alters	  the	  characteristics	  of	  the	  

bilayer.	  The	  phospholipid	  head	  groups	  begin	  to	  tilt	  toward	  the	  water	  initially	  but	  suddenly	  snap	  

back	  to	  an	  almost	  parallel	  configuration	  at	  5	  mol%	  BHB.	  This	  sudden	  change	  may	  indicate	  a	  loss	  

of	  membrane	  integrity	  as	  it	  coincides	  with	  a	  dramatic	  disordering	  of	  the	  DPPC	  tails.	  These	  

molecular	  changes	  cause	  the	  membrane	  as	  a	  whole	  to	  expand	  laterally,	  which	  increases	  the	  

average	  area	  per	  lipid,	  permitting	  water	  to	  penetrate	  farther	  into	  the	  bilayer.	  At	  the	  same	  time,	  

the	  mean	  lateral	  pressure	  of	  the	  membrane	  increases.	  	  What	  is	  interesting	  about	  these	  changes	  

is	  that	  they	  are	  non-‐monotonic	  with	  increasing	  BHB	  concentration.	  	  At	  low	  concentrations,	  the	  

effects	  on	  the	  membrane	  characteristics	  are	  relatively	  small	  but	  a	  steep	  change	  occurs	  at	  

interfacial	  BHB	  concentrations	  of	  5	  mol%.	  This	  is	  observed	  for	  area	  per	  lipid	  in	  Figure	  4-‐3,	  for	  

mean	  lateral	  pressure	  in	  Figure	  4-‐4,	  and	  for	  average	  order	  parameters	  in	  Figure	  4-‐6.	  Higher	  

concentrations	  more	  than	  double	  the	  surface	  pressure	  of	  the	  phospholipid	  membrane,	  which	  is	  

in	  line	  with	  experimental	  observations	  by	  Hsu	  et	  al.	  [51]	  [Caveat:	  The	  MARTINI	  force	  field	  is	  

known	  to	  underestimate	  surface	  pressure,	  however	  the	  trend	  qualitatively	  compares	  well	  with	  

experimental	  observations.]	  

To	  investigate	  the	  nature	  of	  this	  phenomenon	  further,	  we	  considered	  the	  possibility	  that	  

the	  steep	  change	  may	  be	  due	  to	  BHB-‐BHB	  interactions	  becoming	  crucial	  to	  some	  alteration	  of	  

the	  lipid	  membrane.	  However,	  BHB-‐BHB	  radial	  distribution	  functions	  do	  not	  show	  any	  steep	  

changes	  with	  concentration.	  Therefore,	  we	  can	  rule	  out	  specific	  BHB-‐BHB	  interactions	  as	  the	  

driving	  mechanism	  for	  the	  phenomenon.	  	  
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While	  viewing	  the	  trajectories	  of	  individual	  BHB	  molecules	  projected	  onto	  the	  interfacial	  

surface,	  we	  discovered	  the	  random	  walks	  of	  the	  BHB	  to	  be	  fairly	  tight	  at	  lower	  concentrations,	  

whereas	  they	  covered	  a	  very	  wide	  area	  at	  higher	  concentrations	  (Figure	  4-‐10).	  This	  suggested	  

that	  in	  the	  latter	  case,	  the	  membrane	  had	  expanded	  sufficiently,	  such	  as	  to	  begin	  to	  lose	  its	  

integrity,	  thereby	  permitting	  the	  BHB	  molecules	  to	  explore	  a	  very	  wide	  area.	  Viewing	  individual	  

BHB	  trajectories	  in	  this	  manner	  led	  us	  to	  quantify	  the	  increasing	  phospholipid	  disorder	  by	  

constructing	  spatially	  resolved	  2D	  maps,	  as	  shown	  in	  Figure	  4-‐11	  –	  the	  spatial	  distribution	  of	  the	  

local	  order	  parameter	  in	  a	  grid	  display.	  It	  can	  be	  observed	  here	  that	  low	  concentrations	  of	  BHB	  

stimulate	  small,	  localized	  regions	  of	  disorder.	  These	  individual	  regions	  of	  disorder	  grow	  in	  size	  

with	  increasing	  concentration	  of	  BHB	  molecules	  at	  the	  interface.	  At	  high	  concentrations,	  the	  

regions	  of	  disorder	  have	  expanded	  to	  include	  the	  whole	  interface.	  At	  some	  critical	  BHB	  

interfacial	  concentration	  (5	  mol%	  in	  our	  simulations)	  the	  lipid	  disorder	  has	  propagated	  to	  the	  

entire	  membrane	  and	  possibly	  compromised	  its	  integrity.	  The	  effective	  range	  of	  the	  BHB	  

molecule	  (its	  radius	  of	  influence)	  can	  be	  considered	  in	  terms	  of	  the	  number	  of	  neighboring	  

lipids	  that	  become	  disordered	  by	  virtue	  of	  BHB	  interaction	  with	  the	  membrane.	  We	  speculate	  

that	  as	  the	  concentration	  of	  BHB	  is	  increased,	  these	  areas	  of	  influence	  could	  eventually	  touch	  

each	  other.	  At	  a	  high	  enough	  concentration,	  the	  localized	  disorder	  becomes	  propagated	  

throughout	  the	  entire	  membrane	  and	  the	  average	  properties	  undergo	  a	  steep	  change.	  	  

We	  believe	  this	  may	  be	  a	  non-‐specific	  effect,	  that	  is,	  another	  metabolite	  molecule	  with	  its	  

own	  chemical	  functional	  groups	  interacting	  with	  a	  lipid	  membrane	  would	  have	  its	  own	  specific	  

radius	  of	  influence,	  but	  the	  propagation	  of	  the	  disorder	  throughout	  the	  entire	  membrane	  

occurring	  when	  these	  areas	  of	  influence	  eventually	  touch	  each	  other	  could	  be	  a	  more	  general	  
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phenomenon.	  That	  is,	  the	  threshold	  effect	  at	  a	  specific	  concentration	  is	  likely	  not	  unique	  to	  

BHB.	  For	  example,	  the	  observed	  response	  by	  the	  phospholipid	  bilayer	  to	  BHB	  absorption	  is	  

similar	  to	  that	  observed	  from	  membrane	  uptake	  of	  anesthetics	  [20,	  26,	  140,	  159].	  	  

We	  may	  have	  demonstrated	  in	  this	  example,	  a	  general	  mechanism	  by	  which	  small	  

molecules	  (drugs,	  metabolites)	  change	  membrane	  properties.	  In	  turn,	  the	  altered	  membranes	  

can	  modulate	  protein	  receptor	  or	  protein	  channel	  function.	  It	  is	  important	  to	  note	  here	  that	  

diabetic	  patients	  and	  animals	  exhibiting	  consciousness-‐impairment	  symptoms	  have	  been	  

shown	  to	  have	  BHB	  blood	  concentrations	  above	  about	  5	  mM	  [48,	  206,	  208,	  209].	  Patients	  with	  

blood	  concentrations	  below	  this	  value	  tend	  to	  be	  asymptomatic.	  This	  distinguishes	  subclinical	  

concentrations	  from	  clinical	  ones.	  In	  fact,	  blood	  concentrations	  of	  BHB	  below	  5	  mM	  are	  used	  in	  

clinical	  settings	  to	  induce	  ketoacidosis	  in	  epileptic	  patients	  [212,	  213].	  At	  these	  lower	  

concentrations,	  consciousness	  impairment	  symptoms	  are	  not	  observed,	  however,	  the	  slightly	  

elevated	  metabolite	  concentrations	  appear	  to	  have	  a	  therapeutic	  effect	  on	  the	  epileptic	  

patients.	  Our	  simulations	  may	  have	  inadvertently	  stumbled	  upon	  an	  important	  physical	  

phenomenon	  that	  relates	  interfacial	  concentrations	  of	  BHB	  to	  the	  occurrence	  of	  consciousness	  

impairment	  symptoms	  in	  patients.	  

The	  BHB	  molecule	  possesses	  a	  hydroxyl	  group	  and	  a	  carboxylic	  acid	  group	  at	  the	  two	  ends.	  

To	  discover	  if	  there	  are	  any	  essential	  chemical	  functional	  groups	  required	  for	  a	  metabolite	  to	  

cause	  similar	  effects	  as	  those	  observed	  for	  BHB,	  it	  will	  be	  necessary	  to	  investigate	  other	  

metabolites	  and	  anesthetic	  molecules	  using	  the	  same	  approach	  we	  have	  used	  here.	  A	  

systematic	  investigation	  of	  metabolites	  and	  drugs	  that	  impair	  consciousness	  by	  this	  approach	  

would	  help	  define	  the	  role	  of	  membranes	  as	  drug	  targets.	  
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5. LIPID	  EMULSIONS	  FOR	  THE	  RAPID	  REVERSAL	  OF	  DRUG	  TOXICITY	  

5.1 Introduction	  

In	  the	  United	  States,	  unintentional	  poisoning	  is	  the	  leading	  cause	  of	  death	  from	  injuries,	  

surpassing	  even	  motor	  vehicle	  accidents	  and	  suicide	  [214].	  Of	  these	  mortalities,	  over	  90%	  are	  

due	  to	  drug	  intoxications.	  Drug	  overdoses	  from	  legal	  medication	  or	  illegal	  drugs	  occur	  

frequently	  and	  unpredictably.	  Whether	  an	  overdose	  is	  accidental	  or	  intentional,	  the	  reversal	  of	  

drug	  toxicity	  remains	  a	  serious	  clinical	  challenge	  [215].	  This	  is	  because	  most	  pharmaceutical	  

agents	  have	  no	  known	  antidote.	  In	  many	  cases,	  the	  compound	  causing	  intoxication	  is	  unknown	  

or	  is	  only	  one	  agent	  in	  a	  polysubstance	  overdose	  [216,	  217].	  Currently,	  the	  treatment	  of	  

patients	  suffering	  systemic	  toxicity	  and	  cardiac	  failure	  following	  an	  overdose	  relies	  primarily	  on	  

a	  set	  of	  advanced	  cardiovascular	  life	  support	  (ACLS)	  methods,	  with	  varied	  outcomes	  [218,	  219].	  

These	  urgent	  treatment	  methods	  include	  cardiopulmonary	  resuscitation	  (CPR)	  and	  

defibrillation.	  Unfortunately,	  in	  some	  cases,	  patients	  remain	  unresponsive	  to	  the	  ACLS	  

interventions.	  

	  

5.1.1 Reversal	  of	  Drug	  Toxicity	  by	  Lipid	  Emulsions	  

Clinical	  reports,	  case	  studies,	  and	  in	  vivo	  experiments	  suggest	  that	  intravenous	  infusion	  

of	  a	  simple	  oil-‐in-‐water	  formulation	  (a	  lipid	  emulsion)	  rapidly	  resuscitates	  patients	  from	  cardiac	  

arrest	  and	  reverses	  the	  toxic	  effects	  of	  a	  range	  of	  pharmaceutical	  agents	  [52-‐56].	  These	  

parenteral	  nutrition	  emulsions	  have	  been	  traditionally	  used	  in	  clinical	  settings	  to	  intravenously	  

supply	  patients	  with	  vital	  nutrients	  in	  situations	  where	  the	  gastrointestinal	  tract	  is	  

compromised	  [91,	  220].	  	  
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Patient	  resuscitation	  using	  lipid	  emulsions,	  dubbed	  ‘lipid	  rescue’,	  has	  been	  used	  

successfully	  in	  patients	  before	  the	  onset	  of	  cardiac	  arrest	  to	  facilitate	  rapid	  reversal	  of	  systemic	  

toxicity	  [115,	  116,	  221,	  222].	  It	  has	  also	  been	  shown	  to	  be	  effective	  for	  resuscitation	  after	  

intoxication	  in	  situations	  involving	  local	  anesthetic	  drug	  overdose	  in	  both	  animal	  studies	  and	  

human	  patient	  cases.	  Specific	  pharmaceutical	  agents	  for	  which	  lipid	  therapy	  has	  been	  

successful	  in	  remediating	  toxicity	  include	  antidepressants	  [216,	  223],	  calcium-‐channel	  blockers	  

[224],	  beta	  blockers	  [225],	  anticonvulsants	  [216],	  atypical	  antipsychotics	  [217],	  selective	  

serotonin	  reuptake	  inhibitors	  (SSRIs)	  [217],	  and	  	  nitrovasodilators	  [56].	  Patients	  that	  were	  

unresponsive	  to	  traditional	  ACLS	  approaches	  were	  able	  to	  rapidly	  regain	  a	  spontaneous	  cardiac	  

output	  (in	  as	  few	  as	  60	  seconds	  in	  one	  case	  [226]).	  

Intravenous	  lipid	  emulsions	  may	  prove	  to	  be	  a	  ‘silver	  bullet’	  for	  the	  treatment	  of	  drug	  

overdoses	  as	  well	  as	  toxicity	  due	  to	  chemical	  warfare	  agents,	  pesticide	  poisonings,	  and	  even	  

snake	  venom	  [215].	  Although	  treatment	  of	  overdoses	  with	  lipid	  emulsions	  has	  been	  shown	  to	  

be	  effective	  with	  few	  side	  effects	  [226,	  227],	  many	  clinical	  practitioners	  will	  not	  consider	  using	  

lipid	  therapy	  because	  questions	  still	  remain.	  Questions	  such	  as	  how	  this	  treatment	  should	  be	  

combined	  with	  other	  drugs,	  concerns	  about	  the	  safety	  of	  the	  high	  doses	  of	  lipid	  emulsion	  used	  

[227],	  as	  well	  as	  the	  actual	  mechanism	  of	  action	  of	  detoxification,	  still	  need	  to	  be	  addressed.	  

	  

5.1.2 Hypothesized	  Mechanisms	  of	  Action	  

Recent	  reports	  incorporating	  small	  animal	  experiments	  and	  pharmacokinetic	  modeling	  

[228-‐231]	  indicate	  that	  the	  action	  of	  lipid	  emulsions	  as	  detoxification	  agents	  is	  multifaceted.	  

One	  mechanism,	  which	  is	  specific	  to	  the	  cardiotoxic	  local	  anesthetic	  drug	  bupivacaine,	  posits	  
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that	  this	  drug	  inhibits	  fatty	  acid	  metabolism	  and	  suppresses	  ATP	  production.	  The	  intravenous	  

delivery	  of	  lipid	  droplets	  provides	  excess	  fatty	  acids	  to	  overcome	  this	  inhibition.	  Another	  

mechanism	  of	  action	  is	  the	  direct	  increase	  in	  the	  strength	  of	  heart	  muscle	  contractions	  by	  the	  

cardiotonic	  effect	  of	  the	  lipid	  emulsion.	  

The	  most	  prevalent	  theory	  of	  the	  action	  mechanism	  of	  lipid	  emulsions	  is	  a	  

physicochemical	  scavenging	  known	  as	  the	  ‘lipid	  sink’	  [56,	  57].	  A	  key	  feature	  of	  the	  lipid	  

emulsion	  is	  the	  ability	  of	  its	  constituent	  particles	  to	  act	  as	  toxin	  scavengers.	  This	  scavenging	  

action	  is	  commonly	  believed	  to	  be	  limited	  to	  acting	  only	  on	  highly	  lipophilic	  toxins,	  with	  

hydrophobic	  partitioning	  as	  the	  primary	  driving	  force.	  In	  the	  lipid	  sink	  mechanism,	  oil	  droplets	  

are	  thought	  to	  bind	  or	  sequester	  the	  lipophilic	  drug	  molecules	  in	  the	  blood	  plasma	  through	  a	  

non-‐specific	  mechanism.	  In	  the	  body,	  the	  concentration	  of	  the	  drug	  in	  tissues	  is	  related	  to	  the	  

unbound	  concentration	  of	  drug	  in	  the	  blood	  plasma.	  Thus,	  a	  scavenging	  mechanism	  by	  the	  lipid	  

emulsion	  droplets	  would	  sequester	  drugs	  within	  droplets	  (Figure	  5-‐1);	  this	  would	  shift	  the	  

equilibrium	  and	  cause	  drugs	  to	  be	  released	  from	  tissues	  back	  into	  the	  blood	  stream,	  resulting	  in	  

reduced	  overall	  tissue	  drug	  concentrations.	  Hence,	  the	  toxin	  concentration	  in	  critical	  organs	  

such	  as	  the	  heart	  is	  lowered,	  and	  these	  organs	  are	  able	  to	  recover.	  It	  is	  thought	  that	  lipid	  

droplets	  provide	  a	  discrete	  oil	  phase	  with	  which	  lipophilic	  molecules	  may	  preferentially	  

associate.	  A	  2011	  report	  [232]	  claimed	  that	  knowledge	  of	  the	  drug	  lipid	  partition	  coefficient	  and	  

volume	  of	  distribution	  are	  sufficient	  to	  predict	  the	  efficacy	  of	  lipid	  therapy	  based	  on	  the	  lipid	  

sink	  effect.	  
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Figure	  5-‐1:	  Schematic	  of	  theoretical	  lipid	  sink	  mechanism	  of	  toxin	  sequestration	  by	  an	  oil	  
droplet.	  
	  
	  
	  
	  
	  

The	  overarching	  question	  remains	  however:	  to	  what	  extent	  is	  a	  lipid	  droplet	  capable	  of	  

non-‐specific	  binding	  of	  drug	  molecules?	  Underlying	  that	  is	  the	  fundamental	  question:	  what	  

properties	  of	  this	  colloidal	  formulation	  dictate	  its	  interaction	  with	  small	  molecules	  in	  an	  

aqueous	  environment?	  As	  noted	  earlier,	  the	  prevailing	  hypothesis	  is	  that	  lipophilic	  drug	  

molecules	  are	  sequestered	  by	  lipid	  droplets	  by	  virtue	  of	  their	  ability	  to	  easily	  partition	  into	  the	  

oil	  phase.	  However,	  many	  of	  the	  compounds	  for	  which	  toxicity	  has	  been	  reversed	  by	  this	  

therapy	  exist	  in	  a	  predominantly	  ionized	  state	  at	  physiological	  pH	  (based	  on	  pKa	  values).	  These	  

ions	  are	  more	  capable	  of	  hydrogen	  or	  dative	  covalent	  bonding	  (depending	  on	  charge)	  and	  

therefore	  remain	  more	  soluble	  in	  aqueous	  environments.	  Nevertheless,	  lipid	  therapy	  has	  been	  
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shown	  to	  be	  very	  effective	  for	  intoxication	  with	  these	  types	  of	  drugs.	  In	  addition,	  during	  cardiac	  

arrest,	  the	  possibility	  of	  acidosis	  occurring	  is	  high	  [233-‐237],	  further	  reducing	  blood	  pH	  levels	  

and	  increasing	  the	  degree	  of	  molecular	  protonation	  for	  positively	  charged	  species.	  

The	  surfaces	  of	  lipid	  droplets	  are	  composed	  of	  zwitterionic	  and	  anionic	  phospholipid	  

molecules	  [238,	  239],	  therefore	  electrostatic	  interactions	  are	  likely	  to	  play	  an	  important	  role	  in	  

driving	  the	  sequestration	  of	  toxins.	  Furthermore,	  clinical	  reports	  exist	  that	  credit	  lipid	  droplets	  

with	  reversing	  toxicities	  even	  for	  drugs	  of	  moderate	  lipophilicity	  [240].	  It	  has	  also	  been	  

observed	  that	  structurally	  dissimilar	  molecules	  appear	  to	  associate	  with	  lipid	  dispersions.	  While	  

it	  is	  apparent	  that	  only	  one	  hypothesized	  mechanism	  is	  insufficient	  to	  fully	  describe	  the	  action	  

of	  lipid	  emulsion	  therapy,	  for	  a	  rational	  application	  of	  lipid	  biodetoxification,	  it	  is	  first	  necessary	  

to	  clarify	  the	  key	  physicochemical	  characteristics	  that	  govern	  the	  association	  of	  toxin	  molecules	  

with	  lipid	  droplets.	  

It	  is	  clear	  that	  direct	  lipophilic	  partitioning	  cannot	  be	  the	  only	  molecular	  mechanism	  by	  

which	  drugs	  are	  sequestered	  by	  lipid	  emulsions.	  Because	  many	  of	  the	  toxins	  shown	  to	  be	  

susceptible	  to	  lipid	  therapy	  exist	  in	  a	  predominantly	  ionized	  state	  at	  physiological	  pH,	  

electrostatic	  interactions	  would	  exist	  between	  the	  ionized	  toxins	  and	  the	  zwitterionic	  or	  

charged	  phospholipid	  interface.	  The	  unprotonated	  fraction	  of	  drug	  molecules	  may,	  on	  the	  other	  

hand,	  cross	  over	  and	  reside	  within	  the	  core	  of	  the	  lipid	  droplet,	  although	  the	  phospholipids	  

present	  a	  barrier	  to	  entry	  due	  to	  their	  amphiphilic	  structure	  and	  close-‐packed	  configuration.	  

Thus,	  the	  association	  of	  the	  toxin	  molecules	  with	  the	  emulsion	  particulates	  may	  be	  influenced	  

by	  one	  or	  more	  of	  the	  following	  factors:	  (i)	  the	  charge	  of	  the	  constituent	  phospholipids	  (since	  

membranes	  containing	  anionic	  phospholipids	  have	  been	  shown	  to	  sequester	  more	  toxin	  
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molecules	  [241-‐243]),	  (ii)	  the	  pKa	  of	  the	  toxin	  molecules	  (because	  higher	  pKa	  values	  correspond	  

to	  higher	  fractions	  of	  protonated	  species	  at	  physiological	  pH),	  (iii)	  the	  acyl	  tail	  ordering	  caused	  

by	  interactions	  between	  phospholipid	  and	  triglyceride	  tails	  (since	  this	  may	  alter	  phospholipid	  to	  

packing),	  and	  (iv)	  the	  size,	  shape	  and	  distribution	  of	  polar	  groups	  of	  the	  toxin	  molecules.	  

In	  this	  chapter,	  we	  use	  molecular	  dynamics	  simulations	  to	  understand	  the	  molecular	  

mechanisms	  that	  constitute	  the	  lipid	  emulsion	  –	  toxin	  molecule	  encounter.	  This	  molecular	  

dynamics	  approach	  is	  one	  part	  of	  a	  larger	  study	  of	  lipid	  therapy	  in	  our	  research	  group,	  which	  

includes	  pharmacokinetic/pharmacodynamic	  modeling	  and	  collaborative	  small	  animal	  studies	  

[228-‐231].	  None	  of	  these	  other	  studies	  can	  reveal	  the	  molecular	  details,	  however.	  By	  coupling	  

the	  molecular	  dynamics	  results	  with	  experimental	  measures	  of	  binding	  performance	  and	  

pharmacokinetic/	  pharmacodynamic	  models,	  the	  validity	  of	  the	  lipid	  sink	  hypothesis	  can	  be	  

assessed	  from	  a	  multi-‐scale	  viewpoint.	  

To	  probe	  the	  association	  of	  toxin	  molecules	  with	  emulsion	  particulates,	  we	  employ	  a	  

coarse-‐grained	  molecular	  dynamics	  scheme	  to	  clarify	  the	  relative	  roles	  of	  lipophilicity,	  charge,	  

size	  and	  other	  factors	  in	  mediating	  toxin	  sequestration.	  This	  particular	  approach	  has	  not	  

previously	  been	  applied	  to	  a	  monolayer	  system	  of	  this	  type	  and	  will	  allow	  the	  study	  of	  a	  

sufficiently	  large	  system	  over	  adequately	  long	  timescales	  to	  obtain	  structural,	  dynamic	  and	  

thermodynamic	  information	  about	  transport	  through	  the	  phospholipid	  monolayer.	  In	  this	  work,	  

both	  neutral	  and	  ionized	  coarse-‐grained	  topologies	  are	  developed	  for	  six	  small	  toxin	  molecules	  

with	  varying	  levels	  of	  lipophilicity	  and	  differing	  degrees	  of	  protonation	  at	  physiological	  pH.	  

These	  topologies	  are	  then	  incorporated	  into	  a	  multiphase	  droplet	  system	  consisting	  of	  a	  

dipalmitoylphosphatidylcholine	  (DPPC)	  monolayer	  at	  an	  aqueous/lipid	  interface.	  	  
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We	  find	  some	  similarities	  among	  the	  toxins	  in	  their	  association	  with	  the	  oil	  droplet,	  even	  

for	  molecules	  of	  low	  lipophilicity	  where	  association	  with	  oil	  droplets	  would	  not	  conventionally	  

be	  expected.	  We	  investigate	  the	  role	  in	  the	  toxin	  –	  droplet	  interaction	  of	  molecular	  attributes	  

such	  as	  protonation	  state,	  size,	  and	  the	  presence	  of	  polar	  moieties.	  Furthermore,	  we	  explore	  

the	  partitioning	  of	  toxins	  between	  the	  aqueous	  phase,	  the	  droplet	  interface,	  and	  the	  lipid	  core.	  

	  

5.2 Creating	  an	  Oil	  Droplet	  Model	  

The	  emulsion	  generally	  used	  in	  lipid	  therapy	  is	  a	  dispersion	  of	  soybean	  oil	  in	  an	  aqueous	  

medium	  stabilized	  by	  soybean	  or	  egg	  yolk	  phospholipids	  [244,	  245],	  which	  are	  mostly	  

zwitterionic	  with	  a	  small	  percentage	  of	  anionic	  lipids	  [238,	  239].	  These	  emulsions	  are	  FDA	  

approved	  for	  use	  in	  humans	  and	  are	  readily	  available	  in	  clinical	  settings	  as	  a	  source	  of	  

intravenous	  nutrition.	  The	  emulsions	  are	  generally	  recognized	  as	  safe	  –	  even	  for	  this	  off-‐label	  

application,	  and	  consist	  of	  particulates	  including	  lipid	  droplets,	  liposomes,	  and	  other	  more	  

complex	  structures	  [246].	  Commercial	  lipid	  emulsion	  formulations	  vary	  substantially	  in	  their	  

composition.	  Some	  are	  formulated	  from	  natural	  oils	  such	  as	  soybean	  [220,	  247,	  248],	  safflower	  

[247],	  olive	  [249],	  and	  fish	  oil	  [248].	  While	  others	  are	  formulated	  with	  structured	  triglycerides,	  

which	  are	  fatty	  acid	  chains	  of	  different	  lengths	  esterified	  to	  the	  same	  glycerol	  backbone	  [250].	  	  

In	  order	  to	  investigate	  the	  molecular	  level	  association	  of	  toxin	  molecules	  with	  an	  oil	  

droplet,	  we	  created	  a	  model	  system	  using	  a	  dipalmitoylphosphatidylcholine	  (DPPC)	  monolayer	  

at	  the	  interface	  between	  water	  and	  glycerine	  trioleate	  (triolein).	  A	  simple	  model	  of	  this	  type	  

can	  provide	  insight	  into	  the	  molecular	  consequences	  of	  interactions	  between	  small	  molecules	  

and	  oil	  droplets	  without	  confounding	  the	  results	  with	  variable	  composition.	  The	  knowledge	  
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gleaned	  from	  this	  method	  can	  be	  used	  as	  a	  tool	  to	  predict	  which	  molecules	  will	  interact	  

favorably	  with	  droplets	  and	  the	  mechanism	  by	  which	  they	  will	  be	  sequestered.	  

	  

5.2.1 Molecular	  Dynamics	  Simulations	  

Coarse-‐grained	  molecular	  dynamics	  (MD)	  simulations	  of	  DPPC	  monolayers	  at	  

water/triolein	  interfaces	  were	  employed	  in	  this	  thesis	  to	  study	  the	  nature	  of	  the	  interactions	  

between	  small	  toxin	  molecules	  and	  lipid	  droplets.	  Steered	  MD	  simulations	  were	  performed	  

using	  LAMMPS	  software	  described	  in	  Section	  2.5.	  Partition	  coefficient	  estimation	  simulations	  

were	  performed	  using	  the	  BAR	  implemented	  in	  Gromacs	  (details	  in	  Section	  2.4.5).	  

	  

5.2.2 Molecule	  Topologies	  

The	  MARTINI	  coarse-‐graining	  approach	  and	  force	  field	  [79,	  80]	  was	  employed	  to	  create	  

molecule	  topologies	  and	  to	  study	  the	  interactions	  of	  toxin	  molecules	  with	  fully	  solvated	  DPPC	  

monolayers	  at	  the	  interface	  between	  water	  and	  the	  symmetrical	  triglyceride	  –	  triolein.	  The	  

coarse-‐grained	  geometries	  for	  DPPC,	  glycerine	  trioleate	  (triolein),	  and	  water	  were	  downloaded	  

from	  the	  MARTINI	  website	  (http://md.chem.rug.nl/cgmartini/).	  

Due	  to	  its	  close	  association	  with	  the	  history	  of	  lipid	  emulsion	  therapy	  and	  extensive	  

studies	  in	  the	  literature	  [53,	  55,	  115-‐117],	  the	  cardiotoxic	  local	  anesthetic	  drug	  bupivacaine	  is	  

an	  excellent	  initial	  candidate	  for	  molecular	  investigation.	  Five	  other	  potentially	  toxic	  drugs	  with	  

higher	  and	  lower	  lipophilicity	  values	  were	  compared	  to	  bupivacaine	  (Table	  5-‐1).	  Bupivacaine	  is	  

lipophilic	  and	  highly	  protonated	  at	  physiological	  pH.	  In	  contrast,	  though	  also	  protonated	  at	  

physiological	  pH	  (with	  a	  larger	  pKa	  value	  than	  bupivacaine),	  a	  drug	  such	  as	  the	  hepatotoxic	  pain	  
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and	  fever	  reducing	  drug,	  acetaminophen	  [118-‐120]	  is	  much	  more	  polar	  and	  therefore	  more	  

soluble	  in	  aqueous	  environments.	  The	  hydrophilic	  nature	  of	  this	  molecule	  makes	  the	  

acetaminophen/oil	  droplet	  interaction	  study	  a	  useful	  comparison	  to	  that	  of	  bupivacaine,	  since	  

its	  behavior	  can	  provide	  important	  insight	  into	  whether	  electrostatics	  plays	  a	  significant	  role	  in	  

drug	  molecule	  sequestration	  by	  emulsion	  droplets.	  

Mepivacaine,	  another	  local	  anesthetic,	  is	  almost	  identical	  in	  structure	  to	  bupivacaine,	  

with	  the	  exception	  of	  the	  terminal	  butyl	  group	  possessed	  by	  bupivacaine.	  Although	  the	  two	  

molecules	  are	  similar,	  and	  successful	  resuscitations	  of	  patients	  with	  mepivacaine	  toxicity,	  

among	  other	  drugs,	  have	  occurred	  [53,	  54,	  251],	  mepivacaine	  is	  less	  lipophilic	  than	  bupivacaine	  

and	  has	  been	  predicted	  by	  experimental	  techniques	  to	  be	  sequestered	  to	  a	  lesser	  extent	  than	  

bupivacaine	  by	  lipid	  emulsions	  [252].	  Bupropion	  is	  another	  drug	  for	  which	  successful	  

resuscitation	  has	  occurred	  after	  onset	  of	  toxicity	  [216].	  Unlike	  bupivacaine	  and	  mepivacaine,	  

however,	  it	  is	  an	  antidepressant	  and	  smoking	  cessation	  aid	  [253,	  254],	  but	  has	  a	  logP	  value	  

similar	  to	  that	  of	  bupivacaine.	  

The	  drugs	  introduced	  above	  are	  all	  highly	  protonated	  at	  physiological	  pH.	  In	  contrast,	  the	  

anticoagulants	  warfarin	  and	  brodifacoum	  are	  negatively	  charged	  at	  physiological	  pH.	  

Brodifacoum	  has	  a	  logP	  value	  much	  larger	  than	  that	  of	  bupivacaine,	  while	  the	  partition	  

coefficient	  of	  warfarin	  is	  only	  slightly	  smaller	  than	  that	  of	  bupivacaine.	  By	  understanding	  the	  

interactions	  of	  these	  six	  drugs	  with	  a	  lipid	  droplet	  model,	  insight	  may	  be	  gained	  into	  the	  

mechanism	  of	  toxin	  sequestration	  by	  lipid	  emulsions	  in	  general.	  
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TABLE	  5-‐1:	  TOXIN	  PROPERTIES	  
Toxin	   Literature	  	  

logP	  [255]	  
pKa	   Physiological	  

charge	  
%	  ionized	   Simulation	  logP	  

Acetaminophen	   0.46	   9.38	   +1	   99	   0.39	  ±	  0.14	  
Mepivacaine	   1.95	   7.6	   +1	   61	   2.03	  ±	  0.21	  
Warfarin	   2.7	   5.08	   -‐1	   99.5	   3.10	  ±	  0.16	  
Bupropion	   3.2	   8	   +1	   80	   3.21	  ±	  0.18	  
Bupivacaine	   3.41	   8.21	   +1	   87	   3.38	  ±	  0.19	  
Brodifacoum	   8.5	   4-‐5	   -‐1	   99+	   8.65	  ±	  0.59	  

	  
	  
	  
	  
	  

We	  based	  our	  coarse-‐grained	  representations	  of	  the	  toxin	  molecules	  on	  the	  centers-‐of-‐

mass	  of	  grouped	  heavy	  atoms	  corresponding	  to	  interaction	  sites.	  The	  properties	  of	  the	  toxin	  

molecules	  we	  studied	  are	  listed	  in	  Table	  5-‐1	  and	  chemical	  structures	  along	  with	  coarse-‐grained	  

representations	  for	  each	  of	  the	  toxins	  are	  illustrated	  in	  Figure	  5-‐2.	  The	  interaction	  sites	  were	  

characterized	  using	  the	  standard	  MARTINI	  interaction	  types;	  the	  coarse-‐graining	  scheme	  was	  

developed	  in	  each	  case	  using	  methods	  described	  in	  Section	  2.4.	  The	  equilibrium	  bond	  lengths	  

and	  angles	  for	  all	  toxin	  molecules	  were	  selected	  to	  preserve	  the	  underlying	  geometry	  and	  

molecule	  size.	  Since	  they	  all	  exist	  as	  acid-‐base	  pairs	  and	  are	  predominantly	  found	  in	  their	  

ionized	  states	  at	  physiological	  pH,	  we	  considered	  both	  neutral	  and	  charged	  forms	  in	  our	  

simulations.	  

These	  coarse-‐grained	  models	  were	  initially	  validated	  by	  reproducing	  the	  drug	  

octanol/water	  partition	  coefficients.	  The	  logP	  values	  we	  estimated	  by	  the	  free	  energy	  

difference	  between	  the	  molecules	  in	  water	  and	  water-‐saturated	  octanol	  from	  simulations	  are	  

listed	  in	  the	  last	  column	  of	  Table	  5-‐1.	  These	  values	  are	  comparable	  to	  the	  experimental	  and	  

predicted	  octanol/water	  partition	  coefficients	  found	  in	  the	  literature	  for	  each	  neutral	  species;	  
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therefore	  we	  are	  confident	  that	  our	  coarse-‐graining	  scheme	  for	  these	  species	  can	  be	  used	  for	  

the	  molecular	  dynamics	  simulations.	  

	  

	  

	  	  	  

Figure	  5-‐2:	  Two-‐dimensional	  structures	  of	  toxins	  overlaid	  with	  the	  coarse-‐grained	  
representation	  of	  each	  molecule.	  
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5.2.3 Simulation	  System	  

Each	  simulation	  system	  consists	  of	  a	  central	  oil	  core	  containing	  1000	  triolein	  molecules,	  

surrounded	  on	  both	  sides	  by	  water	  slabs	  containing	  4000	  coarse-‐grained	  water	  particles	  each	  

(Figure	  5-‐3).	  At	  each	  interface	  between	  oil	  and	  water	  is	  a	  phospholipid	  monolayer	  containing	  

100	  DPPC	  molecules	  in	  each	  leaflet.	  The	  polar	  head	  groups	  of	  DPPC	  are	  fully	  solvated	  in	  the	  

water	  phase	  and	  the	  hydrophobic	  tails	  associated	  with	  the	  triolein	  molecules.	  We	  start	  with	  

either	  a	  neutral	  or	  charged	  toxin	  molecule	  in	  the	  aqueous	  phase.	  For	  the	  simulations	  containing	  

an	  ionized	  molecule,	  depending	  on	  the	  physiological	  charge	  of	  the	  toxin,	  a	  Cl-‐	  or	  Na+	  counter	  ion	  

was	  added	  to	  maintain	  charge	  neutrality.	  

	  

	  

	  

Figure	  5-‐3:	  Snapshot	  of	  simulation	  cell	  containing	  fully	  equilibrated	  DPPC	  monolayers	  at	  the	  
water/triglyceride	  interface.	  
DPPC	  head	  groups	  and	  glycerol	  backbones	  are	  shown	  in	  white,	  while	  tails	  are	  in	  yellow	  with	  
orange	  terminals.	  Triglycerides	  are	  pink	  and	  water	  is	  blue.	  
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5.2.4 Constant	  Velocity	  Steered	  Molecular	  Dynamics	  Simulations	  

To	  estimate	  the	  thermodynamic	  free	  energy	  profiles	  for	  moving	  toxins	  from	  an	  aqueous	  

phase	  into	  the	  oil	  droplet,	  we	  performed	  steered	  molecular	  dynamics	  simulations	  in	  which	  a	  

toxin	  molecule	  was	  pulled	  from	  water	  through	  the	  DPPC	  monolayer	  into	  triolein,	  as	  described	  in	  

Section	  2.5.4.	  Each	  simulation	  run	  consisted	  of	  a	  450	  ns	  equilibration	  phase	  during	  which	  the	  

target	  toxin	  molecule	  was	  constrained	  in	  the	  bulk	  water	  phase	  by	  tethering	  the	  center-‐of-‐mass	  

to	  a	  fixed	  z-‐position	  using	  a	  harmonic	  spring	  potential.	  A	  further	  10	  ns	  short	  post-‐equilibration	  

simulation	  was	  performed	  to	  obtain	  a	  distribution	  of	  initial	  toxin	  configurations	  for	  constant	  

velocity	  simulations.	  	  

Each	  steered	  simulation	  production	  run	  was	  for	  200	  ns	  using	  a	  spring	  constant	  of	  40	  

Kcal/mol/	  Å2	  and	  a	  pulling	  velocity	  of	  1	  Å/ns.	  This	  pulling	  velocity	  is	  over	  1000	  orders	  of	  

magnitude	  smaller	  than	  the	  root	  mean	  square	  thermal	  velocity	  (Equation	  (5-‐1))	  of	  1048	  Å/ns	  

for	  DPPC,	  thereby	  ensuring	  that	  the	  layer	  is	  not	  needlessly	  perturbed	  as	  the	  toxin	  molecule	  is	  

pulled	  through.	  

	  

𝜐!"## ≪ 𝜐!! =
3𝑘!𝑇
𝑚 	  

(5-‐1)	  
	  

To	  estimate	  the	  free	  energy	  change	  of	  moving	  toxins	  into	  the	  oil	  droplet	  from	  the	  work	  

performed	  as	  they	  transited	  through	  the	  system,	  we	  used	  the	  isobaric-‐isothermal	  Jarzynski	  

equality	  (see	  Section	  2.5.4	  and	  Equation	  (2-‐16)).	  Because	  the	  transition	  of	  toxins	  from	  water	  to	  

oil	  was	  very	  slow,	  we	  assumed	  that	  the	  process	  was	  reversible	  (due	  to	  our	  small	  pulling	  velocity	  
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of	  1	  Å/ns)	  and	  used	  the	  first	  order	  cumulant	  expansion	  average	  (Equation	  (2-‐17))	  to	  obtain	  

estimates	  of	  the	  free	  energy	  as	  well.	  Free	  energy	  profiles	  for	  moving	  toxins	  from	  water,	  through	  

a	  DPPC	  monolayer	  and	  into	  an	  oil	  phase	  were	  obtained	  in	  the	  manner	  described	  in	  Section	  

2.5.4.	  Each	  steered	  molecular	  dynamics	  simulation	  was	  replicated	  10	  times	  in	  order	  to	  reduce	  

systematic	  errors	  in	  estimating	  the	  free	  energy	  differences.	  Each	  iteration	  corresponded	  to	  a	  

different	  initial	  configuration	  as	  derived	  from	  the	  z-‐constrained	  post-‐equilibration	  simulations.	  

The	  general	  methods	  used	  in	  the	  simulations	  are	  described	  in	  Section	  2.5.	  A	  time	  step	  of	  

20	  fs	  was	  used	  to	  integrate	  the	  equations	  of	  motion	  [130-‐132].	  An	  isothermal-‐isobaric	  (NPT)	  

ensemble	  was	  maintained	  which	  allowed	  the	  volume	  (and	  hence	  the	  cross	  sectional	  area)	  of	  

the	  systems	  to	  fluctuate	  freely.	  During	  equilibration,	  Berendsen	  [127]	  protocols	  were	  used	  for	  

both	  temperature	  and	  pressure	  coupling.	  After	  equilibration,	  each	  component	  of	  the	  simulation	  

systems	  were	  coupled	  separately	  to	  a	  temperature	  bath	  using	  Nose-‐Hoover	  protocols	  [184-‐186]	  

with	  a	  coupling	  constant	  of	  1.5	  ps	  as	  well	  as	  to	  a	  semi-‐isotropic	  barostat	  at	  1	  atm	  with	  a	  

coupling	  constant	  of	  5	  ps	  using	  a	  Parrinello-‐Rahman	  scheme	  [132].	  Semi-‐isotropic	  pressure	  

coupling	  was	  used	  to	  maintain	  a	  tensionless	  monolayer.	  
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5.3 Results	  and	  Discussion	  

A	  snapshot	  of	  one	  fully	  equilibrated	  droplet	  system	  is	  shown	  in	  Figure	  5-‐3.	  Occasionally	  

during	  our	  simulations,	  water	  particles	  crossed	  the	  phospholipid	  monolayer	  on	  one	  side,	  

through	  the	  triglyceride	  slab	  and	  across	  the	  monolayer	  on	  the	  other	  side.	  This	  ability	  of	  water	  

to	  cross	  the	  triolein	  layer	  was	  not	  mentioned	  in	  an	  atomistic	  oil	  droplet	  simulation	  of	  similar	  

structure	  to	  ours	  [91],	  although	  that	  may	  be	  due	  to	  their	  much	  shorter	  simulation	  (50	  ns).	  We	  

note	  that	  triolein	  has	  been	  shown	  to	  contain	  up	  to	  5.1	  mol%	  of	  water	  at	  25	  °C	  [256].	  We	  

observed	  a	  high	  degree	  of	  intercalation	  between	  the	  DPPC	  tails	  and	  the	  triolein	  tails.	  DPPC	  and	  

triolein	  molecules	  in	  our	  system,	  however,	  never	  exited	  their	  respective	  domains.	  

	  

5.3.1 Averaging	  Method	  Choice	  for	  Work	  Profiles	  

Each	  steered	  molecular	  dynamics	  simulation	  produced	  a	  work	  profile	  representing	  the	  

force	  needed	  to	  keep	  the	  toxin	  molecule	  tethered	  as	  the	  tether	  point	  was	  moved	  from	  water	  

into	  oil.	  The	  ensemble	  of	  10	  work	  profiles	  for	  every	  toxin	  molecule	  was	  averaged	  using	  

Equations	  (2-‐16)	  and	  (2-‐17).	  These	  averages	  represent	  the	  Gibbs	  free	  energy	  change	  associated	  

with	  movement	  of	  each	  toxin	  molecule	  from	  water,	  through	  the	  DPPC	  monolayer,	  into	  the	  oil	  

phase.	  The	  exponential	  average	  from	  the	  Jarzynski	  equality	  (Equation	  (2-‐16))	  is	  difficult	  to	  

estimate	  because	  this	  average	  is	  dominated	  by	  cases	  for	  which	  the	  work	  value	  is	  small	  [155,	  

156].	  Such	  cases	  are	  rare	  and,	  therefore,	  not	  often	  sampled	  in	  simulations.	  We	  show	  in	  Figure	  

5-‐4,	  the	  difference	  in	  averaging	  techniques	  for	  two	  representative	  toxins	  (acetaminophen	  and	  

bupivacaine).	  
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Figure	  5-‐4:	  Comparison	  of	  work	  profile	  (red	  lines)	  averaging	  methods	  for	  acetaminophen	  
(top)	  and	  bupivacaine	  (bottom).	  
The	  exponential	  average	  is	  a	  solid	  black	  line	  and	  the	  first	  order	  cumulant	  expansion	  average	  is	  
a	  dotted	  black	  line.	  
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The	  work	  profiles	  for	  each	  of	  the	  10	  steered	  simulation	  runs	  are	  shown	  as	  red	  curves	  with	  the	  

associated	  Jarzynski	  average	  overlaid	  as	  a	  solid	  black	  curve.	  The	  first	  order	  cumulant	  expansion	  

average	  is	  shown	  as	  a	  dotted	  black	  curve	  in	  Figure	  5-‐4.	  The	  mean	  position	  of	  the	  DPPC	  

monolayer	  in	  the	  z-‐direction	  is	  indicated	  by	  solid	  blue	  vertical	  lines	  and	  the	  glycerol	  backbone	  

position	  is	  a	  dashed	  blue	  vertical	  line.	  The	  average	  DPPC	  head	  group	  position	  was	  made	  the	  

reference	  state	  for	  all	  work	  profiles	  before	  averaging;	  hence	  both	  the	  z-‐position	  and	  the	  Gibbs	  

free	  energy	  at	  that	  position	  were	  set	  to	  zero,	  i.e.,	  ΔG(z=0	  Å)	  =	  0	  kBT.	  

It	  is	  clear	  from	  the	  bupivacaine	  work	  profiles	  in	  Figure	  5-‐4	  (bottom)	  that	  the	  Jarzynski	  

exponential	  average	  (solid	  black	  curve)	  is	  heavily	  weighted	  by	  the	  smaller	  work	  profiles.	  This	  

causes	  a	  large	  discrepancy	  between	  the	  exponential	  average	  and	  the	  first	  order	  cumulant	  

average	  (dashed	  black	  curve),	  except	  in	  the	  case	  of	  acetaminophen	  Figure	  5-‐4	  (top),	  for	  which	  

the	  difference	  is	  not	  large.	  For	  all	  six	  of	  the	  toxins	  we	  considered	  here,	  we	  used	  the	  first	  order	  

cumulant	  expansion	  average	  to	  estimate	  free	  energy	  differences	  for	  transfer	  of	  the	  toxins	  to	  

various	  points	  in	  the	  simulation	  systems.	  

	  

5.3.2 Effects	  of	  lipophilicity	  and	  charge	  

5.3.2.1 Activation	  Energy:	  Water	  to	  Oil	  

For	  all	  toxins,	  the	  maximum	  free	  energy	  value	  occurs	  in	  the	  oil	  phase,	  indicating	  a	  lower	  

affinity	  of	  these	  molecules	  for	  this	  phase	  compared	  to	  other	  locations	  in	  the	  system.	  We	  find	  

that	  passage	  through	  the	  DPPC	  monolayer	  and	  entry	  into	  the	  droplet	  is	  an	  activated	  process.	  

The	  difference	  in	  free	  energy	  between	  water	  and	  oil	  corresponds	  to	  the	  activation	  energy	  

required	  to	  enter	  the	  oil	  phase	  from	  water.	  The	  magnitude	  of	  this	  activation	  energy	  differs	  for	  
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each	  toxin	  and	  between	  neutral	  and	  charged	  species	  (Table	  5-‐2).	  In	  most	  cases	  (except	  for	  

acetaminophen),	  the	  neutral	  species	  have	  lower	  activation	  energies	  for	  crossing	  the	  DPPC	  

monolayer	  into	  oil	  than	  charged	  species.	  For	  acetaminophen,	  however,	  the	  magnitudes	  of	  the	  

activation	  energy	  for	  neutral	  and	  charged	  species	  are	  nearly	  identical.	  Activation	  energies	  for	  

neutral	  species	  increase	  with	  the	  following	  trend:	  bupropion	  <	  acetaminophen	  <	  bupivacaine	  <	  

mepivacaine	  <	  warfarin	  <	  brodifacoum.	  	  

TABLE	  5-‐2:	  ACTIVATION	  ENERGIES	  FOR	  ENTRY	  INTO	  OIL	  FROM	  WATER	  
Toxin	   logP	   Water	  to	  Oil	  Activation	  Energy	  [kBT]	  

Neutral	   Charged	  
Acetaminophen	   0.46	   29.3	  ±	  1.9	   27.5	  ±	  1.5	  
Mepivacaine	   1.95	   34.8	  ±	  2.3	   59.3	  ±	  2.7	  
Warfarin	   2.7	   48.2	  ±	  2.6	   71.6	  ±	  5.1	  
Bupropion	   3.2	   23.5	  ±	  2.1	   44.8	  ±	  3.0	  
Bupivacaine	   3.41	   31.2	  ±	  1.7	   60.6	  ±	  4.8	  
Brodifacoum	   8.5	   52.9	  ±	  2.1	   78.5	  ±	  4.0	  

	  
	  
	  
	  
	  

Charged	  species	  follow	  a	  similar	  trend	  in	  activation	  energy	  increase	  to	  that	  of	  the	  

neutral	  species	  with	  the	  exception	  of	  acetaminophen	  and	  bupropion,	  which	  are	  interchanged.	  

The	  higher	  activation	  energies	  we	  observed	  for	  charged	  forms	  indicate	  that	  it	  may	  be	  less	  likely	  

that	  these	  molecules	  will	  cross	  the	  DPPC	  monolayer	  to	  reside	  within	  the	  oil	  phase.	  

Contrary	  to	  prevailing	  thought	  [232],	  lipophilicity	  alone	  (as	  characterized	  by	  the	  

partition	  coefficient	  -‐	  listed	  in	  Table	  5-‐2	  for	  comparison)	  does	  not	  predict	  the	  association	  of	  the	  

toxins	  with	  oil	  droplets	  in	  either	  their	  neutral	  or	  charged	  forms.	  The	  differences	  in	  affinity	  of	  the	  
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toxins	  for	  the	  droplet	  may	  depend	  on	  several	  other	  factors	  including	  protonation	  state,	  size,	  

and	  the	  distribution	  of	  polarity	  within	  each	  small	  molecule.	  

	  

5.3.2.2 Activation	  Energy:	  Piecewise	  

Although	  we	  observe	  that	  all	  six	  toxin	  species	  required	  an	  activation	  energy	  to	  enter	  the	  

oil	  phase	  from	  water	  and	  that	  the	  neutral	  species	  generally	  required	  less	  energy,	  an	  interesting	  

picture	  emerges	  when	  we	  break	  down	  the	  process	  of	  association	  with	  the	  droplet	  into	  two	  

distinct	  parts.	  First,	  how	  much	  energy	  is	  required	  for	  a	  toxin	  to	  enter	  the	  phospholipid	  

monolayer	  from	  water?	  Second,	  how	  much	  energy	  does	  this	  toxin	  need	  once	  it	  is	  in	  the	  

monolayer	  to	  travel	  into	  the	  oil?	  The	  answers	  to	  these	  questions	  may	  shed	  some	  light	  on	  the	  

mechanism	  by	  which	  different	  toxins	  are	  sequestered	  by	  oil	  droplets.	  

To	  obtain	  the	  activation	  energies	  for	  entry	  into	  the	  DPPC	  monolayer	  from	  water,	  we	  

took	  the	  difference	  between	  the	  ΔG	  value	  in	  water	  and	  the	  maximum	  ΔG	  value	  in	  the	  head	  

group	  or	  backbone	  regions	  of	  the	  monolayer.	  Those	  values	  are	  listed	  in	  Table	  5-‐3.	  	  

TABLE	  5-‐3:	  ACTIVATION	  ENERGIES	  FOR	  ENTRY	  INTO	  DPPC	  FROM	  WATER	  AND	  INTO	  OIL	  FROM	  
DPPC	  

Toxin	   logP	   Water	  to	  DPPC	  Activation	  Energy	  
[kBT]	  

DPPC	  to	  Oil	  Activation	  Energy	  
[kBT]	  

Neutral	   Charged	   Neutral	   Charged	  
Acetaminophen	   0.46	   13.1	  ±	  1.7	   11.9	  ±	  1.9	   16.2	  ±	  2.5	   15.6	  ±	  2.4	  
Mepivacaine	   1.95	   12.2	  ±	  1.8	   14.0	  ±	  1.9	   22.6	  ±	  2.9	   45.2	  ±	  3.3	  
Warfarin	   2.7	   19.5	  ±	  2.4	   34.8	  ±	  3.5	   28.7	  ±	  3.5	   36.8	  ±	  6.2	  
Bupropion	   3.2	   7.8	  ±	  1.1	   13.1	  ±	  1.5	   15.7	  ±	  2.4	   31.7	  ±	  3.3	  
Bupivacaine	   3.41	   15.0	  ±	  1.4	   28.9	  ±	  3.8	   16.2	  ±	  2.2	   31.7	  ±	  6.1	  
Brodifacoum	   8.5	   22.4	  ±	  1.7	   25.2	  ±	  3.5	   30.5	  ±	  2.7	   53.3	  ±	  5.3	  
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For	  three	  of	  the	  toxins	  (acetaminophen,	  mepivacaine,	  brodifacoum),	  there	  is	  no	  real	  difference	  

in	  affinity	  of	  neutral	  and	  charged	  species	  with	  the	  monolayer.	  In	  fact,	  for	  many	  of	  the	  toxins,	  

the	  ΔG	  values	  for	  entry	  into	  the	  monolayer	  are	  low	  enough	  that	  fluctuations	  in	  system	  energy	  

(which	  occur	  with	  a	  magnitude	  on	  the	  order	  of	  ∼	  200	  kBT)	  could	  be	  sufficient	  to	  overcome	  the	  

energy	  barrier,	  even	  for	  the	  charged	  species.	  	  

The	  situation	  is	  different,	  however,	  for	  entry	  into	  oil	  once	  toxins	  are	  in	  the	  monolayer.	  

From	  the	  ΔG	  values	  shown	  in	  Table	  5-‐3,	  the	  neutral	  forms	  of	  bupivacaine,	  bupropion	  and	  

acetaminophen	  may	  be	  expected	  to	  enter	  the	  oil	  phase	  from	  the	  monolayer	  quite	  readily.	  For	  

charged	  species	  here,	  once	  again,	  there	  is	  a	  steeper	  energy	  penalty	  for	  migration	  into	  the	  oil	  

phase,	  with	  all	  species	  (except	  acetaminophen)	  showing	  higher	  ΔG	  values	  than	  for	  neutral	  

species.	  Since	  all	  these	  toxins	  are	  highly	  ionized	  at	  physiological	  pH,	  this	  higher	  activation	  

energy	  could	  prevent	  the	  majority	  of	  molecules	  from	  crossing	  from	  the	  DPPC	  monolayer	  into	  

the	  oil.	  The	  charged	  molecules	  would	  also	  experience	  strong	  electrostatic	  interactions	  with	  the	  

zwitterionic	  DPPC	  molecule	  head	  groups,	  making	  this	  location	  more	  preferable	  than	  the	  oil	  

core.	  The	  effect	  of	  lipophilicity	  on	  the	  association	  of	  the	  six	  toxins	  with	  an	  oil	  droplet	  is	  

summarized	  in	  Figure	  5-‐5.	  There	  does	  not	  appear	  to	  be	  much	  correlation	  between	  logP	  and	  

activation	  energy	  for	  any	  of	  the	  processes.	  
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Figure	  5-‐5:	  Effect	  of	  logP	  on	  activation	  energies	  for	  neutral	  toxin	  molecules	  
	  
	  
	  
	  
	  
5.3.3 Effects	  of	  structure	  and	  size	  

The	  structure	  of	  each	  toxin	  molecule	  and	  the	  distribution	  of	  polar	  groups	  may	  

determine	  its	  ease	  of	  partitioning.	  A	  parameter,	  known	  as	  the	  polar	  surface	  area	  (PSA),	  can	  be	  

calculated	  for	  each	  toxin,	  which	  provides	  a	  quantitative	  measure	  of	  the	  amount	  of	  surface	  area	  

of	  the	  molecule,	  occupied	  by	  polar	  groups.	  PSA	  is	  often	  used	  in	  medicinal	  and	  computational	  

chemistry	  and	  has	  been	  shown	  to	  predict	  rates	  of	  passive	  transport	  of	  molecules	  through	  

membranes	  [257-‐262].	  For	  structurally	  diverse	  model	  drugs,	  a	  strong	  correlation	  has	  been	  

found	  between	  PSA	  (providing	  standard	  error	  of	  regression	  R2	  values	  from	  0.56	  to	  0.91	  in	  a	  

sigmoidal	  relationship)	  with	  various	  measures	  of	  bioavailability	  such	  as	  absorbed	  fraction	  after	  

oral	  administration	  of	  a	  drug,	  intestinal	  permeability	  (measured	  by	  in	  vitro	  rabbit	  or	  rat	  colonic	  

permeability),	  permeability	  across	  a	  monolayer	  of	  Caco-‐2	  cells	  (the	  in	  vitro	  model	  of	  the	  human	  
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intestinal	  mucosa),	  and	  drug	  transport	  across	  various	  in	  vitro	  models	  of	  the	  blood-‐brain	  barrier.	  

Drugs	  with	  PSA	  <	  ~	  63	  Å2	  are	  completely	  absorbed	  whereas	  drugs	  with	  PSA	  >	  ~	  140	  Å2	  are	  

poorly	  absorbed	  [258,	  263].	  To	  our	  knowledge,	  our	  study	  is	  the	  first	  to	  correlate	  PSA	  with	  

activation	  energies	  from	  MD	  simulations	  of	  the	  transport	  of	  drug	  molecules	  across	  a	  

phospholipid	  layer.	  It	  is	  important	  to	  point	  out	  that	  this	  parameter	  does	  not	  correlate	  with	  logP	  

(see	  Table	  5-‐4),	  as	  indeed	  was	  found	  also	  by	  others	  calculating	  PSA	  [264].	  

TABLE	  5-‐4:	  COMPARISON	  OF	  POLAR	  SURFACE	  AREA	  AND	  RELATIVE	  SIZE	  OF	  EACH	  TOXIN	  
Toxin	   logP	   Polar	  Surface	  Area[255]	  

(Å2)	  
Radius	  of	  Gyration	  (Å)	  

Neutral	   Charged	  
Acetaminophen	   0.46	   49.3	   2.6	  ±	  0.1	   2.6	  ±	  0.1	  
Mepivacaine	   1.95	   32.3	   2.9	  ±	  0.1	   2.9	  ±	  0.1	  
Warfarin	   2.7	   63.6	   3.4	  ±	  0.1	   3.4	  ±	  0.1	  
Bupropion	   3.2	   29.1	   3.0	  ±	  0.2	   3.0	  ±	  0.2	  
Bupivacaine	   3.41	   32.3	  	   3.5	  ±	  0.2	   3.3	  ±	  0.2	  
Brodifacoum	   8.5	   46.5	   5.4	  ±	  0.5	   5.5	  ±	  0.6	  

	  
	  
	  
	  
	  

We	  tested	  if	  the	  distribution	  of	  polar	  groups	  in	  each	  toxin	  molecule	  had	  an	  effect	  on	  

uptake	  by	  the	  oil	  droplet.	  This	  correlation	  can	  be	  observed	  in	  plots	  of	  activation	  energy	  versus	  

polar	  surface	  area	  for	  both	  neutral	  and	  charged	  species	  (Figure	  5-‐6).	  In	  both	  cases,	  there	  

appears	  to	  be	  a	  strong	  correlation	  between	  these	  two	  properties	  for	  toxins	  crossing	  into	  oil	  

from	  water	  (black	  square	  markers).	  There	  also	  appears	  to	  be	  a	  correlation	  between	  these	  

properties	  for	  toxins	  entering	  the	  monolayer	  from	  water	  and	  entering	  oil	  from	  the	  monolayer.	  
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The	  trend	  is	  more	  distinct	  for	  smaller	  PSA	  values	  and	  appears	  to	  plateau	  in	  most	  cases	  at	  PSA	  

values	  above	  approximately	  45	  Å2.	  

	  

	  

	  	  

Figure	  5-‐6:	  Effect	  of	  polar	  surface	  area	  on	  activation	  energies	  for	  neutral	  (left)	  and	  charged	  
(right)	  toxin	  species.	  Values	  for	  acetaminophen	  are	  not	  included.	  
	  
	  
	  
	  
	  

Since	  activation	  energies,	  and	  hence	  ease	  of	  uptake	  of	  toxins	  by	  the	  oil	  droplet,	  appear	  

to	  be	  correlated	  with	  polar	  surface	  area,	  we	  investigated	  if	  the	  size	  of	  each	  toxin	  had	  an	  effect	  

on	  the	  activation	  energies.	  We	  estimated	  the	  relative	  size	  of	  each	  toxin	  from	  our	  simulations	  

using	  the	  radius	  of	  gyration	  (Rg),	  which	  is	  calculated	  as	  the	  root	  mean	  square	  distance	  between	  

the	  center	  of	  mass	  of	  the	  molecule	  and	  its	  ends.	  This	  parameter	  gives	  an	  indication	  of	  how	  

compact	  (folded)	  or	  stretched	  out	  the	  molecule	  is	  on	  average	  during	  the	  simulation.	  Average	  

radius	  of	  gyration	  values	  for	  neutral	  and	  charged	  forms	  of	  the	  six	  toxins	  are	  listed	  in	  Table	  5-‐4.	  
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We	  did	  not	  observe	  much	  difference	  between	  the	  charged	  and	  neutral	  average	  radii.	  We	  note	  

here	  that	  in	  general,	  the	  Rg	  values	  increased	  as	  the	  toxin	  partition	  coefficients	  increased.	  Since	  

these	  two	  parameters	  were	  correlated,	  we	  tested	  whether	  or	  not	  the	  Rg	  values	  were	  correlated	  

with	  activation	  energies.	  

	  

	  

	  

Figure	  5-‐7:	  Effect	  of	  radius	  of	  gyration	  on	  activation	  energies	  for	  neutral	  (left)	  and	  charged	  
(right)	  toxin	  species.	  Solid	  lines	  placed	  to	  guide	  the	  eye.	  
	  
	  
	  
	  
	  

From	  the	  plots	  in	  Figure	  5-‐7,	  it	  is	  clear	  that	  there	  is	  a	  correlation	  between	  molecular	  size	  

and	  ease	  of	  entry	  into	  the	  oil	  droplet.	  For	  neutral	  species	  (Figure	  5-‐7	  (left)),	  this	  appears	  to	  be	  a	  

linear	  relationship,	  while	  for	  charged	  toxin	  species	  (Figure	  5-‐7	  (right)),	  we	  observe	  a	  plateau	  

behavior	  similar	  to	  that	  shown	  in	  Figure	  5-‐6	  for	  polar	  surface	  area.	  For	  charged	  toxin	  molecules	  

travelling	  from	  the	  DPPC	  monolayer	  to	  oil,	  however,	  there	  does	  not	  appear	  to	  be	  a	  strong	  
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correlation	  with	  size	  (shown	  as	  blue	  triangles	  in	  Figure	  5-‐7	  (right)).	  Clearly,	  although	  size	  follows	  

a	  similar	  trend	  to	  logP,	  it	  appears	  to	  have	  a	  correlation	  with	  entry	  into	  the	  oil	  droplet,	  which	  

logP	  does	  not.	  

	  

5.3.4 Effects	  of	  Prepopulation	  

Up	  to	  this	  point,	  we	  have	  shown	  free	  energies	  of	  activation	  for	  moving	  toxin	  molecules	  

from	  water	  into	  and	  through	  a	  pristine	  DPPC	  monolayer.	  These	  free	  energy	  values	  are	  likely	  to	  

be	  affected	  by	  the	  presence	  of	  other	  similar	  toxin	  molecules	  already	  in	  the	  interface.	  To	  test	  

this,	  we	  performed	  steered	  molecular	  dynamics	  simulations	  in	  which	  a	  single	  toxin	  molecule	  

was	  pulled	  through	  a	  simulation	  system	  containing	  49	  other	  toxin	  molecules	  of	  the	  same	  type.	  

The	  activation	  energies	  obtained	  for	  these	  prepopulated	  systems	  for	  two	  of	  the	  toxins	  are	  listed	  

in	  Table	  5-‐5	  and	  compared	  to	  the	  results	  from	  bare	  monolayer	  systems	  reported	  above.	  	  

TABLE	  5-‐5:	  COMPARISON	  OF	  ACTIVATION	  ENERGIES	  BETWEEN	  BARE	  AND	  PREPOPULATED	  
INTERFACES	  

Toxin	   Water	  to	  Oil	  Activation	  
Energy	  [kBT]	  

Water	  to	  DPPC	  Activation	  
Energy	  [kBT]	  

DPPC	  to	  Oil	  Activation	  
Energy	  [kBT]	  

Monolayer	  
State	  

Bare	   Prepopulated	   Bare	   Prepopulated	   Bare	   Prepopulated	  

Mepivacaine	   34.8	  ±	  2.3	   34.9	  ±	  2.1	   12.2	  ±	  1.8	   14.7	  ±	  1.9	   22.6	  ±	  2.9	   20.3	  ±	  2.8	  
Bupivacaine	   31.2	  ±	  1.7	   40.4	  ±	  4.2	   15.0	  ±	  1.4	   24.5	  ±	  4.6	   16.2	  ±	  2.2	   15.9	  ±	  6.2	  

	  
	  
	  
	  
	  
There	  appears	  to	  be	  a	  small	  increase	  in	  activation	  energies	  for	  going	  from	  water	  to	  DPPC	  

and	  from	  water	  to	  oil	  for	  monolayers	  prepopulated	  with	  bupivacaine.	  Prepopulation	  has	  no	  
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effect	  on	  mepivacaine	  transfer.	  From	  this	  table,	  it	  is	  not	  entirely	  clear	  what	  effect	  

prepopulation	  would	  have	  on	  the	  activation	  energies	  in	  general.	  It	  may	  be	  necessary	  test	  

various	  concentrations	  and	  several	  different	  toxin	  species	  to	  obtain	  a	  clearer	  picture	  on	  the	  

effects	  of	  prepopulation	  on	  the	  ease	  of	  sequestration	  of	  toxins	  by	  oil	  droplets.	  
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5.4 Summary	  and	  Conclusion	  

Lipophilicity	  (measured	  by	  the	  octanol/water	  partition	  coefficient	  -‐	  logP)	  has	  generally	  

been	  assumed	  to	  be	  the	  driving	  force	  for	  the	  association	  of	  toxin	  molecules	  with	  lipid	  emulsions	  

[56,	  232,	  240].	  We	  found	  from	  our	  simulations	  that	  lipophilicity	  alone	  does	  not	  appear	  to	  

correlate	  well	  with	  ease	  of	  partitioning	  of	  six	  representative	  toxin	  molecules	  into	  an	  oil	  droplet	  

model.	  In	  fact,	  the	  least	  lipophilic	  toxin	  we	  studied	  (acetaminophen)	  has	  one	  of	  the	  smallest	  

energy	  barriers	  to	  association	  with	  the	  droplet,	  in	  both	  its	  neutral	  and	  its	  protonated	  state.	  

According	  to	  predictions	  made	  from	  in	  vitro	  studies	  [232],	  a	  molecule	  such	  as	  acetaminophen	  

should	  not	  be	  predicted	  to	  be	  susceptible	  to	  sequestration	  by	  lipid	  droplets	  due	  to	  its	  low	  

lipophilicity.	  We	  observe	  the	  opposite	  from	  our	  simulations.	  We	  expect	  the	  protonated	  form	  of	  

acetaminophen	  to	  be	  even	  more	  susceptible	  to	  oil	  droplet	  sequestration	  from	  the	  lower	  

activation	  energies	  for	  crossing	  from	  water	  to	  oil	  that	  we	  observe	  for	  this	  species.	  Indeed,	  as	  

most	  of	  these	  toxins	  are	  highly	  ionized	  at	  physiological	  pH,	  the	  logP	  value	  is	  not	  an	  appropriate	  

measure	  of	  their	  actual	  partitioning	  capability.	  A	  significant	  result	  of	  our	  molecular	  dynamics	  

simulations	  is	  that	  lipophilicity	  alone	  does	  not	  predict	  the	  association	  of	  toxin	  molecules	  with	  oil	  

droplets.	  

Although	  the	  octanol/water	  partition	  coefficient	  does	  not	  correlate	  well	  with	  

sequestration	  of	  toxins,	  we	  do	  find	  correlations	  between	  activation	  energies	  and	  the	  size	  

(measured	  as	  the	  radius	  of	  gyration)	  and	  the	  polar	  surface	  area	  of	  each	  toxin.	  In	  general,	  

activation	  barriers	  increase	  with	  increasing	  molecule	  size	  and	  polar	  area,	  up	  to	  a	  plateau.	  The	  

partitioning	  of	  toxins	  between	  the	  aqueous	  phase,	  the	  droplet	  interface,	  and	  the	  lipid	  core	  may	  

be	  predicted	  by	  our	  steered	  simulations.	  High	  activation	  energies	  indicate	  that	  the	  toxin	  
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molecules	  may	  not	  easily	  enter	  particular	  regions	  of	  the	  system.	  Most	  of	  the	  charged	  toxin	  

species	  have	  higher	  activation	  energies	  for	  entry	  into	  oil	  than	  neutral	  species,	  so	  we	  would	  not	  

expect	  them	  to	  reside	  in	  the	  oil	  phase.	  Most	  of	  the	  charged	  species	  have	  comparable	  activation	  

energies	  for	  entry	  into	  the	  DPPC	  monolayer	  from	  water.	  Coupled	  with	  electrostatic	  interactions	  

with	  the	  phospholipid	  head	  groups,	  we	  would	  predict	  that	  the	  monolayer	  would	  be	  a	  favorable	  

location	  for	  these	  charged	  toxins.	  

Our	  simulations	  have	  therefore	  demonstrated	  that	  lower	  lipophilicity	  does	  not	  prevent	  

molecules	  from	  being	  sequestered	  by	  the	  oil	  droplet,	  in	  contrast	  to	  the	  prevailing	  thought.	  We	  

would	  like	  to	  note	  here	  that	  our	  model	  system	  composed	  of	  DPPC	  and	  triolein	  is	  much	  simpler	  

than	  the	  actual	  composition	  of	  egg	  phospholipid	  and	  soybean	  triglyceride	  emulsions.	  We	  have	  

not	  considered	  the	  effects	  of	  charged	  phospholipids	  and	  varying	  compositions,	  which	  may	  

change	  many	  of	  the	  correlations	  be	  have	  observed.	  However,	  DPPC	  is	  a	  particularly	  stable	  

phospholipid	  which	  is	  often	  used	  for	  model	  systems	  [265-‐267];	  therefore	  changes	  in	  properties	  

measured	  here	  during	  interaction	  of	  molecules	  with	  the	  DPPC	  monolayer	  may	  be	  even	  more	  

enhanced	  when	  layers	  composed	  of	  less	  stable	  phospholipids	  are	  employed.	  

	  



	  
	  

137	  
	  

6. CONCLUSIONS	  

The	  studies	  presented	  in	  this	  thesis	  demonstrate	  the	  essential	  role	  that	  computational	  

molecular	  dynamics	  methods	  play	  in	  elucidating	  molecular	  level	  mechanisms	  by	  which	  small	  

toxins	  associate	  with	  and	  alter	  the	  physicochemical	  properties	  of	  phospholipid	  layers.	  We	  have	  

illustrated	  the	  creation	  of	  coarse-‐grained	  representations	  of	  small	  molecules	  using	  the	  MARTINI	  

force	  field,	  which	  was	  previously	  used	  predominantly	  for	  biomacromolecules.	  Our	  CG	  

topologies	  have	  been	  computationally	  verified	  by	  correctly	  replicating	  experimentally	  predicted	  

octanol/water	  partition	  coefficients.	  We	  have	  been	  able	  to	  show	  through	  our	  simulations	  that	  

different	  toxic	  molecules	  associate	  with	  phospholipid	  layers	  to	  varying	  extents	  and	  modify	  the	  

properties	  of	  these	  layers.	  	  

To	  demonstrate	  the	  phospholipid	  layer	  property-‐modulating	  capacity	  of	  endogenous	  and	  

exogenous	  toxins,	  we	  consider	  three	  biomedically	  relevant	  examples.	  In	  each	  example,	  toxin	  

molecules	  associate	  with	  and	  perturb	  a	  phospholipid	  layer,	  thereby	  compromising	  its	  ability	  to	  

carry	  out	  its	  function,	  which	  is	  to	  enclose	  specific	  structures	  and	  mediate	  transport	  of	  material.	  

The	  length	  and	  time	  scales	  we	  consider	  and	  the	  detail	  that	  our	  simulations	  provide	  give	  insight	  

into	  molecular	  mechanisms	  that	  would	  be	  difficult	  to	  assess	  using	  experimental	  techniques	  

alone.	  

In	  Chapter	  3,	  we	  demonstrate	  that	  the	  physical	  structures	  and	  chemical	  properties	  unique	  

to	  two	  anticoagulant	  molecules	  are	  responsible	  for	  their	  differential	  effects	  on	  the	  structure	  of	  

phospholipid	  bilayers.	  From	  our	  simulations,	  we	  observe	  that	  the	  larger	  and	  more	  lipophilic	  

anticoagulant,	  brodifacoum,	  is	  retained	  within	  DPPC	  bilayers,	  in	  contrast	  to	  the	  smaller	  warfarin	  

molecule.	  This	  retention	  could	  cause	  the	  bilayer	  structural	  perturbation	  that	  we	  also	  observe,	  
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to	  become	  longer	  lasting;	  the	  potential	  consequences	  of	  this	  perturbation	  on	  cell	  viability	  may	  

be	  devastating.	  Through	  equilibrium	  and	  steered	  molecular	  dynamics	  simulations,	  we	  have	  

shown	  that	  hydroxycoumarins	  disrupt	  membrane	  barrier	  function	  by	  accumulation	  within	  and	  

transit	  through	  phospholipid	  bilayers.	  The	  detailed	  mechanisms	  by	  which	  these	  molecules	  

disrupt	  the	  membrane	  have	  been	  revealed	  by	  elucidating	  the	  molecular	  phenomena	  that	  

underlie	  their	  differential	  cytotoxicity.	  In	  physiological	  conditions,	  the	  increased	  disruption	  in	  

cell	  membrane	  integrity	  induced	  by	  brodifacoum,	  if	  accompanied	  by	  uncontrolled	  flux	  of	  ions	  

and	  other	  small	  molecules,	  would	  dysregulate	  the	  delicate	  homeostatic	  balance	  necessary	  to	  

prevent	  cell	  death.	  

In	  the	  second	  example,	  we	  explored	  the	  mechanisms	  behind	  consciousness	  impairment	  

associated	  with	  increases	  in	  concentration	  of	  endogenous	  metabolites	  as	  a	  consequence	  of	  

metabolic	  disease.	  By	  comparison	  with	  experimental	  observations	  in	  the	  literature	  [51],	  we	  

demonstrate	  that	  the	  loss	  of	  atomistic	  detail	  in	  the	  coarse-‐grained	  representation	  of	  the	  small	  

molecule	  does	  not	  prevent	  semi-‐quantitative	  reproduction	  of	  the	  effect	  of	  the	  metabolite	  on	  

the	  structure	  and	  dynamics	  of	  a	  phospholipid	  bilayer.	  The	  presence	  of	  the	  metabolite	  alters	  

membrane	  structure	  and	  dynamics	  by	  expanding	  the	  phospholipid	  bilayer,	  increasing	  its	  

fluidity,	  and	  doubling	  its	  lateral	  pressure	  in	  a	  concentration-‐dependent	  manner.	  We	  also	  

identify	  a	  potential	  key	  membrane	  disruption	  mechanism	  that	  relates	  a	  threshold	  interfacial	  

metabolite	  concentration	  to	  the	  occurrence	  of	  consciousness	  impairment	  symptoms	  in	  

patients.	  This	  important	  physical	  phenomenon	  may	  distinguish	  subclinical	  concentrations	  from	  

clinical	  ones.	  We	  demonstrate	  what	  may	  yet	  be	  a	  general	  mechanism	  by	  which	  a	  small	  

molecule	  can	  alter	  membrane	  properties	  that	  is	  non-‐linear	  in	  concentration	  at	  the	  interface.	  
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In	  our	  third	  example,	  we	  investigate	  the	  relative	  roles	  played	  by	  electrostatics,	  lipophilicity,	  

charge	  and	  other	  factors	  in	  mediating	  toxin	  sequestration	  by	  lipid	  emulsion	  droplets.	  The	  model	  

we	  develop	  helps	  to	  elucidate	  the	  mechanisms	  underlying	  the	  effectiveness	  of	  lipid	  emulsion	  

therapy	  for	  the	  treatment	  of	  drug	  overdose.	  Using	  steered	  molecular	  dynamics	  simulations,	  we	  

examine	  the	  changes	  induced	  by	  a	  range	  of	  pharmaceutical	  agents	  on	  the	  thermodynamic	  

landscape	  of	  a	  phospholipid	  monolayer	  at	  the	  oil/water	  interface.	  We	  conclude	  that,	  contrary	  

to	  prevailing	  thought,	  the	  octanol/water	  partition	  coefficient	  is	  not	  a	  good	  predictor	  of	  toxin	  

sequestration	  by	  emulsion	  droplets.	  We	  find	  correlations	  instead	  between	  both	  the	  size	  and	  the	  

polar	  surface	  area	  of	  the	  toxin	  molecules	  and	  the	  activation	  energies.	  We	  also	  predict	  from	  our	  

steered	  molecular	  dynamics	  simulation	  results	  that,	  at	  physiological	  conditions,	  most	  of	  the	  

toxins	  studied	  would	  likely	  not	  partition	  into	  the	  lipid	  droplet	  core,	  but	  would	  associate	  instead	  

with	  the	  interfacial	  phospholipid	  monolayer.	  

Based	  on	  these	  three	  examples,	  we	  understand	  that	  different	  molecular	  properties	  (size,	  

polar	  surface	  area,	  charge,	  conformational	  dynamics)	  lead	  to	  different	  associations	  of	  toxins	  

with	  phospholipid	  layers;	  so	  that	  different	  orientations,	  different	  preferred	  locations	  of	  the	  

toxin	  molecules	  along	  the	  interfacial	  region,	  and	  different	  degrees	  of	  disruption	  of	  physical	  

properties	  of	  the	  lipid	  layer	  accompany	  the	  toxin	  molecule’s	  interaction	  with	  the	  phospholipid	  

interface.	  Likewise,	  different	  molecular	  properties	  lead	  to	  different	  free	  energy	  profiles	  for	  

penetration	  of	  the	  molecule	  through	  the	  layer.	  What	  all	  three	  examples	  show	  in	  common	  is	  the	  

ability	  of	  this	  approach	  (coarse-‐grained	  molecular	  dynamics	  simulations	  to	  reveal	  molecular	  

details	  of	  the	  consequences	  of	  interactions	  of	  a	  small	  molecule	  with	  the	  phospholipid	  layer)	  to	  

provide	  molecular-‐level	  information	  on	  the	  absorption,	  transport,	  and	  partitioning	  of	  the	  toxin	  
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molecule	  in	  the	  model	  membrane.	  We	  have	  shown	  various	  ways	  in	  which	  the	  results	  of	  an	  MD	  

simulation	  run	  may	  be	  interrogated	  to	  find	  unprecedented	  levels	  of	  detailed	  information	  for	  a	  

given	  toxin	  molecule	  interacting	  with	  and	  possibly	  penetrating	  the	  interface.	  We	  have	  seen	  

three	  relevant	  problems	  for	  which	  the	  approach	  provides	  new	  information	  toward	  resolution	  of	  

the	  problem.	  The	  nature	  of	  model	  membrane	  disruption	  caused	  by	  some	  molecules	  suggests	  

the	  membrane	  barrier	  function	  can	  be	  seriously	  compromised.	  

	  

6.1 Recommendations	  for	  Future	  Work	  

As	  noted	  in	  Section	  5.4,	  our	  phospholipid	  model	  systems	  are	  homogeneous	  in	  the	  sense	  

that	  they	  are	  all	  composed	  of	  a	  single	  type	  of	  phospholipid	  molecule	  (DPPC)	  and	  in	  the	  case	  of	  

the	  lipid	  droplet,	  only	  one	  type	  of	  triglyceride	  molecule	  (triolein).	  The	  choice	  to	  use	  simpler	  

models	  was	  made	  to	  ensure	  that	  the	  results	  were	  not	  confounded	  by	  variable	  compositions,	  in	  

order	  to	  obtain	  general	  mechanisms	  that	  could	  then	  be	  extrapolated	  to	  many	  other	  situations.	  

Now	  that	  some	  mechanisms	  have	  been	  identified,	  we	  could	  examine	  ways	  in	  which	  

composition	  may	  alter	  them.	  For	  example,	  considering	  the	  membrane-‐altering	  effects	  of	  the	  

metabolite	  beta-‐hydroxybutyric	  acid,	  it	  would	  be	  necessary	  to	  investigate	  other	  metabolites	  

and	  molecules	  with	  potential	  anesthetic-‐like	  effects	  using	  the	  same	  approach	  we	  have	  used	  

here.	  A	  systematic	  investigation	  of	  consciousness-‐impairing	  drugs	  by	  this	  approach	  would	  help	  

elucidate	  the	  role	  of	  cell	  membranes	  as	  drug	  targets	  for	  these	  types	  of	  drugs.	  Also,	  it	  could	  be	  

useful	  to	  create	  a	  membrane	  model	  that	  contains	  a	  variety	  of	  phospholipids	  and	  other	  

structures	  found	  in	  physiological	  membranes	  (such	  as	  cholesterol).	  



141	  
	  

	  
	  

Along	  the	  same	  lines,	  for	  further	  studies	  on	  drug	  sequestration	  by	  lipid	  emulsions,	  it	  

would	  be	  informative	  to	  model	  the	  actual	  composition	  of	  egg	  phospholipid	  and	  soybean	  

triglyceride	  emulsions.	  The	  compositions	  of	  commercial	  lipid	  emulsion	  formulations	  vary	  

significantly.	  They	  are	  made	  with	  natural	  oils	  (e.g.	  soybean,	  safflower,	  olive,	  fish	  oil)	  or	  synthetic	  

structured	  triglycerides	  with	  different	  acyl	  tail	  lengths.	  Phospholipid	  emulsifiers	  are	  also	  derived	  

from	  varied	  sources	  such	  as	  soybean	  lecithin	  or	  egg	  yolk	  that	  contain	  both	  zwitterionic	  and	  

anionic	  molecules.	  These	  differences	  in	  composition	  may	  cause	  differential	  uptake	  of	  

pharmaceutical	  agents,	  therefore	  our	  approach	  could	  be	  easily	  extended	  to	  take	  the	  various	  

compositions	  into	  account.	  Furthermore,	  lipid	  emulsions	  contain	  structures	  such	  as	  liposomes	  

in	  addition	  to	  oil	  droplets	  [238].	  Therefore,	  a	  similar	  approach	  to	  that	  described	  in	  Chapter	  5	  

could	  be	  used	  to	  predict	  the	  association	  of	  a	  range	  of	  pharmaceutical	  agents	  with	  liposomes.	  

Finally,	  the	  coarse-‐grained	  phospholipid	  layer	  models	  we	  developed	  for	  the	  lipid	  emulsion	  

droplet	  can	  be	  extended	  to	  other	  potential	  applications	  including	  studying	  the	  viability	  of	  lipid	  

therapy	  for	  other	  poisonous	  and	  toxic	  substances.	  Our	  oil	  droplet	  simulation	  method	  could	  also	  

be	  extended	  to	  study	  microemulsions	  used	  as	  drug	  delivery	  vehicles.	  These	  emulsions	  have	  

been	  found	  to	  be	  very	  stable,	  form	  readily,	  and	  have	  many	  potential	  applications	  [268-‐270].	  

Microemulsions	  are	  useful	  for	  various	  types	  of	  drug	  delivery,	  including	  oral,	  dermal	  and	  

transdermal.	  However,	  their	  physicochemical	  properties	  are	  not	  well	  understood.	  Molecular	  

dynamics	  simulations	  of	  these	  oil/water/surfactant	  systems	  could	  help	  elucidate	  some	  of	  these	  

properties.	  
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